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Abstract 
With continuously improving living standards, the demand for biomaterials in 
orthopaedic implant applications has increased substantially in recent years. Bulk 
metallic glasses (BMGs) have recently emerged as promising candidate 
biomaterials due to their unique mechanical and chemical properties as well as 
attractive processing capabilities, which result from their amorphous nature. A 
number of studies exploring the bio-compatibility of BMGs have been reported in 
the literature, the outcome of which has generally shown the potential of Zr-based, 
Mg-based and Ti-based BMGs for bio-medical applications. At the same time, 
surface treatments have also been successfully used on traditional biomedical 
alloys, especially titanium alloys, to further enhance their bio-compatibility. In this 
context, the focus of this Thesis was on applying a number of nanosecond (ns) 
laser surface processing techniques on a specific type of Zr-based BMG, also 
known as Vitreloy 105, to investigate the potential of this combination of material 
and surface treatments for the development of a new candidate biomaterial. 
In the first part of the thesis, reported in Chapter 4, a 2D theoretical model was 
developed to simulate the thermal history within a Vitreloy 105 workpiece in the 
context of multiple and moving ns pulses irradiation. In particular, the model was 
used to predict the ablated feature dimensions and to reveal possible thermal 
events occurring during the laser micromachining process that could explain the 
formation of the resulting topography. The combined experimental and theoretical 
approach also enabled the identification of a suitable set of laser parameters with 
respect to the process efficiency over a range of pulse durations, fluence values, 
scanning speeds and track distances between machined grooves. 
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In the second part of the thesis, which is the focus of Chapter 5 and 6, laser surface 
texturing was employed to fabricate two types of surface patterns, dimple and 
groove, to study the resulting wettability of Vitreloy 105, and associated bio-
compatibility characteristics. Firstly, the effect of different laser parameters, 
including laser fluence, scanning speed, surface texture type and track distance, 
on the wettability of this BMG was investigated. Following this, through in-vitro cell 
culture experiments, the bio-compatibility of Vitreloy 105 samples with different 
surface textures was assessed. The underlying mechanism associated with laser 
surface texturing which affected the in-vitro bio-compatibility of the material was 
discussed based on the laser-induced modifications to surface chemistry and 
surface roughness. In line with the obtained wettability results, the bio-compatibility 
findings showed that cells on groove-textured surfaces had a higher viability and 
better adhesion compared to those on the as-cast and dimple-textured surfaces. 
Moreover, it was also found that cells aligned along the direction of laser-induced 
groove patterns. 
In the last part of the thesis, presented in Chapter 7, it was confirmed that laser 
surface melting (LSM) could be employed to modify the hardness and the shear 
banding behaviour of Vitreloy 105. More specifically, by conducting ns LSM 
operations in ambient atmosphere, it was found that surface hardening could be 
achieved, in addition to the well-known surface softening effect. In addition, it was 
found that the presence of compressive residual stress and an increased 
introduction of crystalline precipitates accompanied LSM-induced surface 
hardening. On the contrary, tensile residual stress and a reduced fraction of 
crystalline precipitates were observed for the softened surface post-LSM. Finally, 
differences in shear-banding mechanisms were detected near the surface of the 
laser irradiated regions. More specifically, overall reduced serrated flow but 
important surface shear bands events were observed following the LSM-based 
introduction of compressive residual stress. In contrast, more pronounced serrated 
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flows and the likely distribution of shear banding activity well beneath the irradiated 
BMG surface was promoted when LSM resulted in the introduction of tensile 
residual stress. 
Overall, the results reported in this thesis suggest that nanosecond laser-based 
surface micromachining, texturing and melting represent promising methods for 
promoting the potential application of Vitreloy 105 as orthopaedic implants. 
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Chapter 1 Introduction 
 
1.1 Motivation 
With continuously improving living standards, the demand for biomaterials in 
orthopaedic implant applications has increased substantially in recent years (Li and 
Zheng, 2016). It was reported that millions of hard-tissue replacement and repair 
surgeries were carried out in the United States alone annually within the time 
period from 1990s to 2010s (Demetriou et al., 2010). Despite the high success rate 
of such surgical operations, there still remains a number of associated issues. For 
example, 7% of patients have to receive a second revision surgery 10 years after 
the original operation. With an aging population, the revision rate is growing at an 
accelerated rate of approximately 60% (Hallab et al., 2004). Currently, crystalline 
metallic alloys, such as titanium alloys, stainless steel, cobalt alloys or 
magnesium alloys are widely used for the fabrication of orthopaedic implants 
(Kaiser et al., 2015). However, improvements on existing solutions are still sought 
out to address a number of issues. These include Young’s modulus mismatch-
induced stress shielding (Long et al., 2018), fracture failure (Igarashi and 
Afrashtehfar, 2018) and degradation or abrasion-induced inflammation (Demetriou 
et al., 2010). As a result, a risk exists for patients, who have already received 
implant surgeries, to require another replacement surgery eventually, which has 
associated negative consequences in terms of pain and cost. In order to eliminate 
the need for further surgery and reduce the infection risks for patients, exploring 
novel biomaterials with high bio-compatibility and suitable mechanical properties 
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is important for both material scientists and clinical surgeons. In this context, bulk 
metallic glasses (BMGs), which display unique mechanical and chemical 
properties as well as attractive processing capabilities, have been proposed as 
promising candidate materials for orthopaedic implants, cardiovascular stent and 
surgical devices (Meagher et al., 2016). 
BMGs, especially the family of Zr-based compositions, one of which being the 
focus of this study, exhibit excellent mechanical properties, such as high yield 
strength, high hardness, good wear resistance and excellent corrosion resistance 
as well as good glass forming ability (GFA). Such BMGs could provide solutions 
for the problems encountered by crystalline metallic biomaterials (Löffler, 2003; 
Schroers et al., 2009). However, some issues still remain to be addressed for the 
actual application of Zr-based BMGs as biomedical implants and devices. Firstly, 
micro-scale biomedical implants, such as cardiovascular stents and dental fixation 
screws, require high-precision machining, while their brittle and hard nature mean 
that they are difficult-to-machine materials, as is the case with most BMGs. In this 
context pulsed nanosecond (ns) laser processing is considered as a suitable 
method for micro-scale fabrication operations on BMGs. In addition to the fact that 
lasers are particularly suited for difficult-to-machine materials, the general 
advantageous features of short pulsed lasers include high resolution, localised 
heat input, cost efficiency and high flexibility (Yu et al., 2019). Therefore, one initial 
motivation behind this work, is concerned with understanding the interaction 
between a ns pulsed beam and a specific type of Zr-based BMG, namely Vitreloy 
105, in a micro-scale machining context. This particular Zr-based amorphous alloy, 
with nominal composition of Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at%), is selected as the 
BMG of choice in the context of this Thesis because it contains neither toxic 
elements nor precious metals and exhibits excellent fatigue characteristics among 
most BMGs. The laser system used is a 20 W pulsed Yb-doped fibre laser. 
Secondly, when considering BMGs as implant materials, improving their bio-
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compatibility with tissues is a key factor since the reaction of implants with the host 
tissue determines their long-term performance. It has been demonstrated (Kumari 
et al., 2015; Pfleging et al., 2015; Shen et al., 2019) that bio-compatibility depends 
on surface properties, including chemical composition, surface topography and 
wettability, to a great extent. Therefore, achieving suitable surface properties is 
critical to improve the bio-compatibility of implants. In this context, the development 
of engineering techniques to tune the properties of BMG surfaces constitute an 
important research topic. Laser surface texturing has become an effective method 
to achieve this, and hence to enhance the bio-compatibility of crystalline metallic 
alloys (Hsiao et al., 2016). In this context, a second important motivation behind 
the research reported is to employ the available ns fibre laser system to modify the 
surface properties (i.e. surface wettability, surface topography and surface 
chemistry) of a Vitreloy 105 workpiece, with the aim to enhance its bio-compatibility. 
Finally, the unique atomic structure of BMGs generally leads to brittleness and low 
plasticity, which seriously impede their applications as load-bearing structural 
orthopaedic implants and biomedical devices. In this context, the third motivation 
behind the present study is to employ the ns laser surface melting to modify the 
mechanical properties of Vitreloy 105, and particularly its resulting hardness and 
shear banding behaviours. 
All these three motivations behind the work reported in this Thesis are ultimately 
focussed at investigating whether Vitreloy 105 could be suggested as a potential 
biomedical material for orthopaedic implant applications in a scenario where ns 
laser-based surface processing is applied on as-cast near net-shape Vitreloy 105 
components. 
1.2 Research aims and objectives 
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1.2 Research aims and objectives 
As introduced above, this study proposes to employ a nanosecond fibre laser 
system for conducting a number of processing operations, i.e. laser 
micromachining, laser surface texturing (LST) and laser surface melting (LSM), on 
Vitreloy 105 with the overall aim to investigate whether the potential biomedical 
application of this Zr-based BMG as orthopaedic implant can be enhanced. The 
specific objectives of this research include: 
I. To study the material response of Vitreloy 105 under single and multiple 
moving laser pulses using experimental and numerical simulation methods 
with a view to optimise the laser parameters for micromachining. 
II. To investigate the evolution of wettability of as-cast Vitreloy 105 surfaces 
following ns LST and explore the associated driving mechanisms behind 
the modification of the original wettability. 
III. To investigate the feasibility of using ns LST as a method to improve the 
in-vitro bio-compatibility of Vitreloy 105 surfaces, and explore underlying 
mechanisms responsible for bio-compatibility enhancement from the 
perspective of resulting surface chemistry, topography and wettability.  
IV. To investigate the evolution of the hardness and surface shear banding 
behaviour of Vitreloy 105 post-LSM with different laser parameters, and 
also to investigate associated modification mechanisms based on the 
residual stress distribution and microstructure changes induced by LSM. 
1.3 Outline of the thesis 
The remaining chapters of this thesis are organised as follow: 
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Chapter 2: this chapter reviews the relevant literature about the development of 
bulk metallic glasses and their biomedical applications, especially Zr-based bulk 
metallic glasses. The use of laser processing techniques, i.e. laser micromachining, 
laser surface texturing, laser surface melting, on bulk metallic glasses to promote 
their biomedical applications are also discussed. Finally, several knowledge gaps 
in the specific field of laser processing of bulk metallic glasses are presented. 
Chapter 3: this chapter presents details about the employed Vitreloy 105 BMG 
materials, the experimental methods as well as the relevant experimental 
equipment used in this study.  
Chapter 4: this chapter addresses the first objective of the work by investigating 
the material response under laser irradiation by single and multiple moving pulses. 
A 2D theoretical model is developed to predict the thermal behaviour within the 
material, including the transient temperature distribution and also, the laser-
machined single crater size. In addition, the temperature evolution is used to 
explain the underlying material removal mechanism and optimise laser parameters 
for micromachining. 
Chapter 5: this chapter addresses the second objective. Its focus is on the study 
of the wettability evolution of Vitreloy 105 surfaces processed with different laser 
parameters and textures. The influence of two texture types and laser parameters 
on the surface topography is discussed first. The surface chemistry of the Zr-based 
BMG before and after LST is also discussed using EDX and XPS measurements. 
Importantly, the mechanisms driving the laser-induced wettability modification are 
discussed based on the measured changes in surface topography and surface 
chemistry. 
Chapter 6: this chapter addresses the third objective. It reports the investigation 
into the response of human MG-63 osteoblast-like cells on Vitreloy 105 surfaces 
modified with the considered two different laser-induced textures. This chapter also 
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discusses the effects of surface chemistry, roughness and wettability change 
before and after laser surface texturing on the observed cellular behaviour. 
Chapter 7: this chapter addresses the last objective. It presents a study 
investigating the influence of laser surface melting on the evolution of surface 
mechanical properties of Vitreloy 105, namely hardness, residual stress and shear 
banding behaviour under nanoindentation. The influence of the surface residual 
stress distribution and the microstructure evolution on the resulting surface 
hardness and shear banding behaviour of the Zr-based BMG post-LSM is also 
discussed. 
Chapter 8: This chapter highlights the conclusions and contributions of this Thesis. 
Recommendations for further work are also presented. 
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Chapter 2 Literature Review 
 
In order to accomplish the research objectives described in Chapter 1, familiarity 
with a wide range of research backgrounds, including bulk metallic glasses, laser 
processing techniques, microstructure characterisation, mechanical property 
measurements, and in-vitro bio-compatibility evaluation procedures, are required. 
Therefore, a review of the current literature on BMGs and their biomedical 
applications together with the application of laser micromachining, laser surface 
texturing and laser surface melting on BMGs is presented in this chapter. This first 
section introduces the development of BMGs, especially the Zr-based family, and 
related biomedical applications. Next, the implementation of different laser 
processing techniques, including laser micromachining, laser surface texturing and 
laser surface melting, on BMGs are reviewed. The Chapter concludes by the 
presentation of the knowledge gaps identified, particularly in relation to the 
application of laser processing techniques for enhancing the potential of BMGs, 
and more specifically Vitreloy 105, for biomedical applications. 
2.1 Bulk metallic glasses and related biomedical applications 
2.1.1 General review 
Since being firstly discovered in the early 1990s, BMGs in metal-metal systems 
have received sustained attention from the research community during the past 
few decades as a result of their combined desirable physical and mechanical 
properties (Liaw and Miller, 2008). As the name implies, BMGs are amorphous 
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alloys made of metallic elements, thus combining the microstructures of 
conventional amorphous glasses and the chemical compositions of the 
conventional crystalline metallic alloys. As a result, these alloys display a unique 
atomic structure that features a lack of long-range order and which results in the 
absence of crystal defects and grain boundaries. These specific characteristics 
lead to BMGs exhibiting the desirable properties, such as high strength (Löffler, 
2003), relatively low Young's modulus (Bian et al., 2001), high hardness (Telford, 
2004), good wear resistance (Ashby and Greer, 2006) and excellent corrosion 
resistance (Liu et al., 2006; Morrison et al., 2004) as well as high elastic limit (Li 
and Zheng, 2016). These unique properties could potentially address the problems 
associated with the utilisation of traditional metallic alloys for biomedical 
applications, ranging from orthopaedic, cardiovascular and dental implants to 
surgical devices (Li and Zheng, 2016). More specifically, Figure 2.1 and Table 2.1 
shows the compressive strength and elastic modulus (Young’s modulus) for the 
biomedical use of metallic alloys, cortical bone and bulk metallic glasses. It can be 
seen that the metallic glasses have high strength and low Young’s modulus. With 
such low Young’s modulus (closer to cortical bone), the stress concentration and 
also the stress shielding effects can be avoided to a certain degree. As a result, 
such implants could achieve a longer service life after the implantation in the 
human’s body. With the high strength, smaller and thinner biomedical implants are 
possible, and thus leading to less rejection effects from the host tissues. In addition, 
the lack of grains makes the cutting of extremely sharp edges possible for surgical 
blades (Meagher et al., 2016). Furthermore, the high hardness and good wear 
resistance of BMGs would also benefit applications as cardiovascular stent 
materials (O’Brien and Carroll, 2009). 
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Table 2.1: Mechanical properties of potential biomedical materials (Li et al., 2017; Meagher 
et al., 2016).  
Properties 
Cortical 
bone 
MgZnCa 
BMGs 
Crystalline Mg 
alloys 
Ti-6Al-4V Stainless steel 
Density (g cm-3) 1.8-2.1 2.0-2.8 1.74-2.2 4.4-4.5 7.9-8.1 
Elastic modulus 
(GPa) 
3-30 22-50 41-45 110-117 189-205 
Compressive yield 
strength (MPa) 
130-180 400-1190 100-560 758-1117 170-310 
Fracture toughness 
(MPa1/2) 
3-6 NA NA 55-115 50-200 
 
 
Figure 2.1: Mechanical comparisons of conventional glasses, metallic alloys and the 
BMGs (Li and Zheng, 2016). 
 
During the past decades, numerous research studies have been conducted on the 
development of new metallic glasses for different biomedical application 
backgrounds, such as surgical devices (Tsai et al., 2012), orthopaedic implants 
(Horton and Parsell, 2002) and cardiovascular stents (Huang et al., 2015). 
According to the function of these BMGs, they can be categorised into two groups, 
biodegradable and non-biodegradable materials. To be more specific, the Mg-
based, Ca-based, Zn-based and Sr-based metallic glasses were developed as 
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potential biodegradable materials based on the nutritional functions of the main 
alloying elements Mg, Ca and Sr. These biodegradable materials can be used for 
the manufacturing of the temporary implants and devices for some clinical cases, 
such as bone fracture and cardiovascular diseases, in which the fixation or 
mechanical support are temporarily needed during the healing process of the 
bones or tissues. After the healing process, these implants do not need to function 
in the human body anymore. Previously, a second surgery was always done to 
remove the fixation implants, which can bring pain and economic pressure to the 
patients and their families. However, with biodegradable materials, implants can 
be degraded into metallic ions and these metallic ions can be absorbed by the 
human body. Figure 2.2 shows the radiographs of mice distal femora with and 
without implanted high-entropy Ca-Mg-Zn-Sr-Yb alloy, immediately after 
implantation, and 4 weeks postoperatively. It is shown that there is no gas 
formation, no inflammation, and enhanced circumferential osteogenesis in the 
implanted bone (yellow arrow), indicating the new bone formation (Li et al., 2013a). 
 
Figure 2.2: Radiographs of mice distal femora with and without implanted high-entropy 
CaMgZnSrYb alloy, immediately after implantation, and 4 weeks postoperatively (Li et al., 
2013a). 
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The considered non-biodegradable BMG materials for biomedical applications 
mainly include the Ti-based, Zr-based and Fe-based compositions, for the long-
term use of implants and devices. Figure 2.3 shows examples of biomedical 
devices made from BMGs, including surgical blades coated with a BMG film (Tsai 
et al., 2012), medical stapling anvils and minimally invasive medical devices made 
from BMGs (Li and Zheng, 2016). With amorphous coatings, the lack of grain 
boundaries makes the cutting of extremely sharp edges possible for surgical 
blades. Moreover, the superior surface finish, excellent manufacturing processing 
ability and enhanced durability can make BMGs good candidate materials for 
medical stapling and minimally invasive medical devices. In addition, these non-
biodegradable BMGs can also be used for prosthetic replacements for human 
bone due to their excellent mechanical properties. For any candidate biomedical 
material, bio-compatibility plays a very important role, which is described as the 
non-acceptable degree of harm for the hosting tissue to the material. It mainly 
depends on two factors, the cell-biological activity of implants and the material 
degradation in the human body. The higher bioactivity of the implant material could 
lead to the higher bio-compatibility of the implant with the surrounding tissues. The 
material degradation rate is related to the wear and corrosion resistance of the 
material, which could result in the release of metallic ions and particles into the 
human body causing damage to organs and the blood circulatory system. The 
three kinds of non-biodegradable BMG compositions mentioned earlier have their 
own advantages and disadvantages. Compared to Ti-based and Zr-based BMGs, 
Fe-based compositions have lower costs, which makes them quite attractive for 
any large-scale biomedical applications. Since Zr element is recognised as a bio-
compatible element and is the main constituent element of Zr-based BMGs, these 
tend to have relatively good bio-compatibility. In addition, Zr-based BMGs are the 
most developed and investigated glass-forming system, and their properties have 
been widely reported. In the following sections, the literature review is conducted 
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on the development of Zr-based BMGs and their applications as orthopaedic 
implants and biomedical devices. 
 
          (a)                    (b)          (c) 
Figure 2.3: Illustrations of biomedical devices made from BMGs. (a) surgical blades 
coated with amorphous metallic film; (b) medical stapling anvils; (c) Minimally invasive 
medical devices (Li and Zheng, 2016; Tsai et al., 2012). 
2.1.2 Zr-based bulk metallic glasses 
Due to the limitation associated with the critical glass-forming ability of amorphous 
alloys, the size of metallic glasses discovered before the late 1980s was less than 
1 cm. However, with the discovery of the multicomponent Zr-based BMGs by Inoue 
et al. (1989), the critical casting thickness was increased to 1 cm or more. Soon 
afterwards, Peker and Johnson (1993) developed a new Zr-based BMG with the 
composition of Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 under the financial support of US 
Department of Energy and NASA. With the help of silica containers, a critical 
casting thickness of up to 10 cm became possible. This amorphous alloy became 
known as Vitreloy 1 (Vit 1) and was the first commercialised BMG. Since the toxic 
element beryllium is present in his composition, it is not suitable as a biomedical 
material. Therefore, Lin et al. (1997) from Caltech Uni developed its cousin 
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Zr52.5Cu17.9Ni14.6Al10Ti5 (Vitreloy 105) without the toxic element beryllium – one of 
the best glass-forming alloys, which is employed in the present study.  
For any good candidate material for biomedical applications, mechanical 
properties, corrosion and bio-compatibility have great significance. Table 2.2 
summarises the mechanical properties of the available biomedical Zr-based BMGs 
and the crystalline biomedical alloys. It can be seen from Table 2.2 that the 
hardness of the biomedical Zr-based BMGs are about twice of that for the 
conventional crystalline biomedical 316L SS (320 Hv), Ti-6Al-4V (365 Hv) and 
CoCrMo alloy (345-390 Hv) (Long and Rack, 1998; Niinomi, 1998). In addition, the 
yield strength of the Zr-based BMGs is also considerably higher than the above-
mentioned crystalline biomaterials (Long and Rack, 1998; Niinomi, 1998). It can 
be seen from Figure 2.4 that three Ni-free Zr-based BMGs exhibit a high yield 
strength (>1300 MPa) and fracture strength (>1600 MPa). In addition, the elastic 
modulus of these Zr-based BMGs is lower than that of the 316L SS (200 GPa) and 
Ti-6Al-4V (110-125 GPa) (Long and Rack, 1998; Niinomi, 1998). The high strength 
of the Zr-based BMGs could enable the design of thinner structures for 
cardiovascular stents and smaller structures for the fixation screws. In addition, the 
low elastic modulus (much closer to the cortical bone) of these Zr-based BMGs 
can lead to more uniformly distributed stress and reduced stress shielding effects. 
Hence, a better long-term performance of biomedical implants and devices made 
from these metallic glasses could be envisaged in principle. 
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Table 2.2: Summary of biomedical Zr-based BMGs and their mechanical properties. 
Chemical compositions 
(at. %) 
Critical 
diameter/ 
thickness 
(mm) 
Strength (MPa) 
Elastic 
modulus 
(GPa) 
Hardness 
(kg/mm2) 
Reference 
Zr52.5Al10Ti5Cu17.9Ni14.6 7 1700 (tensile) 90 590 
(Liu et al., 
1998) 
Zr61Cu17.5Ni10Al7.5Si4 - 
1800 
(compressive) 
- 510 
(Lin et al., 
2012a) 
Zr60Nb5Cu20Fe5Al10 - 
1795 
(compressive) 
72 - 
(Liu et al., 
2009) 
Zr51Ti5Ni10Cu25Al9 - 
1962 
(compressive) 
100 542 
(Sun et al., 
2014) 
Zr62.5Al10Fe5Cu22.5 6 
1700 
(compressive) 
80 459 
(Huang et al., 
2015) 
Zr60.14Cu22.31Fe4.85Al9.7Ag3 10 1720±28 82±1.9 - 
(Liu et al., 
2013) 
316 stainless steel - 
170-310 
(compressive) 
200 320 
(Niinomi, 
1998) 
Ti-6Al-4V - 
758-1117 
(compressive) 
110-125 365 
(Long and 
Rack, 1998) 
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(a) (b) 
Figure 2.4: (a) Compressive stress-strain curve of three Ni-free Zr-based BMGs at a 
strain rate of 1×10-4/s; (b) Engineering stress-strain curve of the Zr62.5Al10Fe5Cu22.5 
BMG (Huang et al., 2015; Liu et al., 2009). 
 
Apart from the excellent mechanical properties of Zr-based BMGs, the 
investigation of their corrosion behaviour is also important to understand their 
chemical and environmental stability. As for biomedical materials, the corrosion 
behaviour is related to the electrochemical reactions between the implant’s 
constituents and the human physiological solutions. Researchers have 
investigated the corrosion behaviour of Zr-based BMGs in different types of 
simulated body fluids, including phosphate-buffered solution (PBS) (Huang et al., 
2009), Hank’s solution (Lin et al., 2012a), artificial saliva solution (Wang et al., 
2011b) and specific simulated body fluids (SBF) (Liu et al., 2013). Figure 2.5 shows 
the cyclic-anodic polarisation curves of the Zr55Al10Cu30Ni5 BMG, 
(Zr55Al10Cu30Ni5)99Y1, Ti-6Al-4V, Co-Cr-Mo and 316L stainless steel. It can be seen 
that the Zr-based BMGs show a relatively lower passive current density and a wide 
passive region, indicating a good corrosion resistance (Huang et al., 2009). The 
good corrosion resistance of these two biomedical Zr-based BMGs should be 
attributed to the formation of uniform and protective passive films on the exposed 
material surface. Moreover, the sudden anodic current increases at the pitting 
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potentials (𝐸𝑝𝑖𝑡 ) indicate that both Zr-based BMGs and the 316L SS were 
susceptible to pitting corrosion. Some researchers tried to improve the pitting 
corrosion resistance of BMGs via chemical composition modification. The results 
obtained show that the addition of new elements, Nb (Liu et al., 2009) and Ag (Liu 
et al., 2013), is able to enhance the corrosion resistance against pitting corrosion. 
 
Figure 2.5: Polarisation curves of the Zr55Al10Cu30Ni5 BMG, (Zr55Al10Cu30Ni5)99Y1, Ti-
6Al-4V, Co-Cr-Mo and 316L stainless steel (Huang et al., 2009). 
 
Prior to being used in the body, the bio-compatibility of a candidate biomaterial is 
an essential property in order to avoid any adverse effects in the human body. The 
bio-compatibility of biomedical Zr-based BMG has been widely investigated via 
both in-vitro cellular response and in-vivo animal tests. The in-vitro tests mainly 
include the cytotoxicity/viability of the cells with the material in the human 
physiological solutions using the MTT/CCK-8 assay and cell morphology 
observation using scanning electron microscopy or fluorescence microscopy. 
Numerous kind of cells have been tested, including mouse pre-osteoblast cells MC 
3T3 E1 (Hua et al., 2012; Huang et al., 2011), murine fibroblast cells (L929cells 
and NIH3T3 cell) (Liu et al., 2008; Liu et al., 2009; Qiu et al., 2006; Wang et al., 
2011b), human umbilical vein endothelial cells (Li et al., 2013b), MG63 human pre-
osteoblast cells (Li et al., 2012; Li et al., 2013b) and human aortic endothelial cells 
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(HAECs) (Liu et al., 2009). Since the potential envisaged application of the Zr-
based BMG considered in this study is for orthopaedic implants, the human pre-
osteoblast cells -MG63 was chosen to investigate its bio-compatibility. In addition 
to in-vitro tests, in-vivo tests were achieved by the implantation of various Zr-based 
BMGs in rabbits (Liu et al., 2009). Figure 2.6(a) shows the cytotoxicity results of 
MTT assays for three different Zr-based BMGs and Ti-6Al-4V alloys after cell 
culture for 7 days. It can be seen that all metallic glass compositions showed higher 
absorbance values than that of the Ti-6Al-4V alloys, indicating that Zr-based BMGs 
have higher cell viability and proliferation activity than Ti-6Al-4V alloys. Figure 2.6(b) 
shows the morphology of cells grown on the surface of Zr60Nb5Cu20Fe5Al10 BMG 
after culturing for 7 days. It can be seen that cells were closely attached and well 
spread on the BMGs surface, implying excellent bio-compatibility (Liu et al., 2009). 
Figure 2.7 shows the HE stained results of the tissue around the BMG and Ti alloy 
after implantation for 12 weeks. It can be seen that slight inflammation existed in 
these two cases, but that the inflammatory reaction is only inside the fibrous 
capsule. The tissue in the circles was infiltrated with multinucleated giant cell and 
lymphocytes, which can reflect the inflammatory reactions. These results 
demonstrate that the in-vivo bio-compatibility of Zr-based BMGs can be as good 
as Ti-6Al-4V titanium alloys. 
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Figure 2.6: (a) Cytotoxicity measurements of three different Zr-based BMGs and Ti-6Al-
4V alloys after cell culture for 7 days in comparison with the control group; (b) The 
morphology of cells grown on the surface of Zr60Nb5Cu20Fe5Al10 BMG after culturing for 7 
days (Liu et al., 2009). 
 
  
Figure 2.7: HE stained results of the tissue around the BMG and Ti-6Al-4V alloys after 
being implanted into rabbits for 12 weeks. The tissue in the circles was infiltrated with 
multinucleated giant cell and lymphocytes, which can reflect the inflammatory reactions 
(Liu et al., 2009). 
2.2 Laser micromachining of bulk metallic glasses 
As discussed above, the excellent mechanical properties of BMGs mean that they 
could be considered candidate material for the manufacturing of micro-scale 
2.2 Laser micromachining of bulk metallic glasses 
19 
 
biomedical implants and devices, like cardiovascular stents, dental fixation screws 
and minimally invasive medical devices, which requires high-precision machining. 
At the same time, BMGs are generally hard-to-machine materials. A number of 
material removal technologies for micro and nano-scale fabrication have been 
applied on BMG substrates, such as mechanical machining (Kuriakose et al., 2017) 
and focussed ion beam (FIB) milling (Zhang et al., 2016). However, mechanical 
machining can lead to high tool wear and crystallisation of the machined area 
(Samant and Dahotre, 2009), while FIB milling has a low efficiency in addition to 
the commonly associated issue of ion implantation. Processing with high-power 
lasers, on the other hand, provides an alternative solution that can overcome such 
limitations. Thus, it is perhaps not surprising that several applications of laser 
irradiation of BMG materials have been reported in the past 20 years, as described 
in a recent review on the subject by Williams and Lavery (2017). These applications 
include laser welding, laser additive manufacturing, laser surface treatment and 
laser micromachining. 
In the specific context of laser micromachining of BMGs, which is one of the 
specific motivations of the research reported in this thesis, investigations have 
been conducted by a few researchers. The literature on this particular subject can 
broadly be categorised into single and multiple pulse studies. For single pulse 
irradiation, the majority of the work has been targeted at the understanding of the 
surface morphology in and around individual craters. In this context, Liu et al. 
(2011b) and Zhu et al. (2016) mainly concentrated their efforts on the peculiar 
formation of surface ripple patterns outside isolated craters (shown in Figure 2.8) 
when irradiating the well-known Zr-based BMG Vitreloy 1 with a single ns pulse. 
Liu et al. (2011a) also conducted a study in the ns regime with a similar purpose 
but on another type of Zr-based BMG. The surface morphological evolution within 
craters generated on a slightly different Zr-based BMG composition was also 
studied by Ma et al. (2010). A key difference compared to related single pulse 
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studies is that these authors used a fs laser to deliver successive pulses on the 
same spot. This led to the formation of three types of concentric rings structures 
within the irradiated area depending on the laser fluence and the number of pulses 
delivered. The surface morphology of single craters was also the focus of the work 
from Williams and Brousseau (2016) in the context of single ns laser irradiation of 
Vitreloy 1. In contrast to the investigations reported earlier, these authors also 
analysed the output of a thermal model, which could predict temperature profiles 
under different laser parameter conditions, as a means to support the interpretation 
of experimental observations. It is worth noting that Jiang et al. (2015) and 
Quintana et al. (2009) also reported single pulse experiments on amorphous 
metals but not for the specific purpose of studying crater morphology. More 
specifically, the work from Jiang et al. (2015) was targeted at the understanding of 
the explosive boiling process when irradiating a Vitreloy 1 specimen with a ns pulse 
while Quintana et al. (2009) explored whether the single pulse ablation of a Ni-
based amorphous material could lead to the formation of crystalline precipitates. 
To achieve this, a foil 40 µm thick was used as the workpiece and experiments 
were conducted both in the ps and µs regimes. The results showed that single 
pulse irradiation in both regimes did not lead to crystallisation of the amorphous 
sample. 
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Figure 2.8: Surface morphologies of Vitreloy1 irradiated by a single ns laser pulse at the 
laser energy of 200 mJ. (a) without confinement; (b) enlarged view of (a); (c) with 
confinement; (d) enlarged view of (c) (Zhu et al., 2016).  
 
Exploring the microstructure of BMG specimens after laser processing was also 
the aim of a few reports in the second category of studies of interest here, i.e. those 
concerned with multiple and moving pulses for achieving laser milling, drilling or 
cutting operations. Lin et al. (2012b) successfully used a ns laser to cut a Mg-based 
BMG while being able to maintain its amorphous nature by appropriately controlling 
laser power and scan speed. Wang et al. (2007) performed several laser 
micromachining operations, namely drilling and trenching (shown in Figure 2.9), of 
a Zr-based amorphous alloys using fs laser pulses. In this regime, these authors 
found that crystallization, molten trace and spatter could be avoided. In the area of 
multiple pulse micromachining of BMGs, it is also of interest to mention two studies 
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that reported the application of laser processing as one possible step in a process 
chain to fabricate micro-components. These include the work of Chen et al. (2013), 
who demonstrated the machining of periodic micro and nano-structures on a Pd- 
and Ni-based BMG using a fs laser and also, the work of Vella et al. (2014). These 
latter authors described the successful application of ps and ns laser processing 
to produce patterns in a Vitreloy 1b BMG workpiece, which was subsequently used 
as a mould for the replication of micro-structured polymer components.  
  
  
Figure 2.9: (a) SEM micrographs of the fs laser machined holes; (b) SEM micrographs of 
the fs laser machined trenches; (c) enlarged view of (a); (d) enlarged view of (b) (Wang et 
al., 2007). 
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2.3 Laser surface texturing of bulk metallic glasses 
When considering implant materials, improving the bio-compatibility with tissues is 
also a key factor since the reaction of implants with the host tissue determines their 
long-term performance. It has been demonstrated (Kumari et al., 2015; Pfleging et 
al., 2015; Shen et al., 2019) that bio-compatibility depends on the surface 
wettability, surface topography and surface chemistry to a certain degree. In 
particular, a higher wettability, i.e. enhanced hydrophilicity, has a beneficial 
influence on the cell/protein attachment, growth, proliferation, and differentiation 
(Hallab et al., 2001). In addition, rough surface can also benefit the cell attachment 
and cell alignment (Anselme et al., 2002). Therefore, achieving a suitable surface 
property is critical to improve the bio-compatibility of implants. Surface treatments, 
like coating (Yang et al., 2005), ion implantation (Rautray et al., 2011) and laser 
surface texturing (Kumari et al., 2015), have been successfully used on traditional 
biomedical alloys, especially titanium alloys, to enhance the hydrophilicity, modify 
the surface roughness and chemical composition, thus enhancing the bio-
compatibility. Among these methods, the laser surface texturing has been 
considered as a very promising technique for modifying the surface properties of 
biomaterials due to associated characteristics of flexibility, simplicity, controllability 
and reproducibility. In addition, laser surface texturing also can avoid introducing 
toxic substances on processed surfaces (Cunha et al., 2016). 
2.3.1 Introduction to laser surface texturing 
Laser surface texturing (LST) is a novel method that relies on a laser’s rapid and 
precise removal technology to fabricate micro- or nano-scale structures on different 
types of materials, including ceramics, metals, polymers and composites (Wahab 
et al., 2016). LST already has been successfully used to modify tribological 
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performance (Etsion, 2005), wettability (Yang et al., 2017), bio-compatibility 
(Kumari et al., 2015) and optical properties (Iyengar et al., 2010) as well as to  
enhance adhesion joint strength (Man et al., 2010). With regards to the wettability 
and bio-compatibility modification, several types of structures fabricated by LST 
have been reported on titanium alloys and stainless steels (Cai et al., 2018; Chen 
et al., 2007; Raimbault et al., 2016; Ta et al., 2015). However, in the specific field 
of laser texturing of BMG materials, the literature is still scarce regarding efforts to 
tune the wettability and bio-compatibility of such surfaces. Therefore, the literature 
review presented in this section mainly reports former studies of LST-induced 
wettability and bio-compatibility modification for conventional biomedical metallic 
alloys. Such studies can still provide guidance regarding characterisation methods, 
measurements and analysis procedures for the application of LST on BMGs. 
2.3.2 Laser surface texturing for wettability modification  
Pfleging et al. (2015) fabricated two kinds of surface patterns, i.e. dimples and 
grooves (shown in Figure 2.10), on a Ti-6Al-4V alloy using a ns ArF excimer laser. 
Figure 2.11 shows the surface contact angle measurements of the obtained dimple 
and linear laser textured surface, it can be seen that dimple and linear texturing 
both can enhance the hydrophilicity, and that the linear texture leads to better 
outcomes compared to the dimple texture. These authors attributed the 
hydrophilicity enhancement to the increased surface area. The same research 
group further investigated the bio-compatibility of this titanium alloy with these two 
surface structures in a study from Kumari et al. (2015). In this case, it was shown 
that laser texturing could increase the bio-activity of the alloy in Hank’s solution 
and that no cytotoxic substances were produced. It was also found that the groove 
textured surface resulted in a better cell attachment compared to the as-received 
and dimple textured surfaces. Li et al. (2016) fabricated stable hydrophilic and 
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super-hydrophobic surfaces on a titanium alloy via laser texturing coupled with the 
silanization process. In particular, the direct laser textured surface was hydrophilic, 
and it became super-hydrophobic after silanization. Mukherjee et al. (2013) 
investigated the effect of microgroove dimensions on the wettability and protein 
absorption of a Ti-6Al-4V titanium alloy surface and found that the surface 
structures dimensionally closer to the cell dimensions could positively affect the 
viability and spreading of cells. Most recently, Huerta-Murillo et al. (2019) modified 
the wettability of Ti-6Al-4V titanium alloy via the fabrication of hierarchical surface 
structures, and wettability modification mechanism was explained from the 
evolution of surface chemistry . 
   
Figure 2.10: Surface topography of the laser textured surface of Ti-6Al-4V (a) 3D 
topography of the linear textured surface; (b) cross-sectional profile of (a); (c) 3D 
topography of the dimple textured surface; (d) cross-sectional profile of (c) (Pfleging et 
al., 2015). 
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Figure 2.11: Surface contact angle measurements of the as-received and laser textured 
surface with dimple and linear textures (Pfleging et al., 2015). 
2.3.3 Laser surface texturing for bio-compatibility enhancement  
In the past several decades, numerous investigations have been reported that 
focused on the bio-compatibility enhancement of traditional biomedical alloys 
treated by LST (Hsiao et al., 2016; Kumari et al., 2015; Lee et al., 2018; Mukherjee 
et al., 2013; Ohtsu et al., 2017; Yu et al., 2018). LST was utilised by Kumari et al. 
(2015) to improve the bio-compatibility of Ti-6Al-4V titanium alloy. Figure 2.12 
shows the fluorescent micrographs and XTT results of MC3T3-E1 mouse fibroblast 
cells on the surface of as-received, linear textured and groove textured Ti-6Al-4V 
samples. It can be seen that the laser textured Ti-6Al-4V shows a comparable cell 
viability with the as-received titanium alloy, but that laser-induced linear textures 
can make the cell to align along them. Hsiao et al. (2016) used an ultraviolet laser 
to produce micro-grooves on a Ti-6Al-4V surface and compared the osteogenic 
cell growth on the as-received and laser-textured surfaces. It was found that the 
laser-induced groove texture could provide a favourable environment for 
osteogenic cell to grow on the surface. A femtosecond laser was also successfully 
exploited by Lee et al. (2018) to generate sub-micrometre patterns to improve cell 
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viability on a titanium substrate. Mukherjee et al. (2013) further concluded that 
laser-induced surface features dimensionally close to the size of cells could 
positively affect cell viability and spreading. Moreover, Ohtsu et al. (2017) improved 
the cellular adhesiveness and cell proliferation by LST conducted on a titanium 
surface. Yu et al. (2018) also investigated the effect of picosecond laser texturing 
on the bio-compatibility of a titanium alloy, and concluded that micro-grooves were 
helpful for cell adhesion, cell growth and contact guidance. 
   
  
Figure 2.12: Fluorescent micrographs of the MC3T3-E1 mouse fibroblast cells on the 
surface of as-received (a), linear textured (b) and dimple textured samples (c); (d) XTT 
results of these three kinds of samples (Kumari et al., 2015).  
2.4 Laser surface melting of bulk metallic glasses 
As reported earlier, it is well-documented that, in comparison with their crystalline 
counterparts, BMGs exhibit high strength and hardness (Chen, 2011), large elastic 
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limit (Ashby and Greer, 2006) and good corrosion resistance (Löffler, 2003). 
However, it is also well-known that BMGs generally deform via highly localised 
individual shear banding events (Schuh et al., 2007; Trexler and Thadhani, 2010). 
The initiation and propagation of such shear bands result in very limited 
macroscopic plasticity before catastrophic failure, thus seriously impeding their 
applications in load-bearing engineering scenarios (Li and Zheng, 2016; Telford, 
2004; Zhang et al., 2006). In recent years, extensive research studies have been 
completed in an attempt to improve the plasticity of BMGs. The approaches 
reported can be categorised into two groups, namely intrinsic and extrinsic (Fu et 
al., 2016; Gao et al., 2016; González et al., 2013; Wang et al., 2014; Wu et al., 
2012; Yokoyama et al., 2009; Yu et al., 2012). The intrinsic methods rely on the 
addition of chemical elements (Yu et al., 2012). Extrinsic strategies mainly 
comprise surface treatments, including shot peening (González et al., 2013), 
surface mechanical attrition treatment (Wang et al., 2014), laser shock peening (Fu 
et al., 2016) and laser surface melting (Wu et al., 2012). These have been applied 
on a variety of BMG compositions and proved efficient methods to improve their 
mechanical properties. Among these, laser surface melting (LSM) has been 
demonstrated to be an effective method to improve the plasticity of BMGs as 
reported in a number of studies in the past decades (Chen et al., 2012; Chen et al., 
2010; Cheng et al., 2016a, b; Huang et al., 2018; Wu et al., 2012; Zuo et al., 2018). 
One of the earliest reports on this topic is from Chen et al. (2010), who showed 
that the compressive plastic strain of a Zr-based BMG could be increased from 0.3% 
to 5.3% after LSM (shown in Figure 2.13), while the amorphous nature of the alloy 
could be retained. Subsequent investigations further confirmed the positive effect 
of LSM on retarding brittle fracture in BMG substrates. For example, when trialling 
the LSM process on a Cu-Zr-based BMG, Wu et al. (2012) reported that 
improvements in compressive plastic strain (shown in Figure 2.14) could also be 
achieved when crystalline precipitates (shown in Figure 2.15) were introduced in 
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the glassy matrix as a result of laser processing. In another example, and while 
working with a very similar Cu-Zr-based BMG to that of Wu et al. (2012), Cheng et 
al. (2016b) observed that LSM could also enhance tensile plasticity (shown in 
Figure 2.16). Collectively, these studies have suggested that the improved 
plasticity could be a combination of factors, which include 1) the increase in free 
volume resulting from the high cooling rate typically associated with localised high-
power laser irradiation (Chen et al., 2010), 2) the influence of residual stress 
redistribution (Chen et al., 2010) and 3) the introduction of structural 
heterogeneities in the glassy matrix (Huang et al., 2018), such as residual shear 
bands and/or crystalline phases. 
 
Figure 2.13: Compressive stress-strain curves of as-cast and the LSM treated glassy 
rods (Wu et al., 2012). 
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Figure 2.14: Compressive stress-strain curves of as-cast and the LSM treated glassy 
rods (Chen et al., 2010). 
 
   
Figure 2.15: (a) XRD patterns of as-cast and treated glassy rods. SEM images of the 
cross sections of CuZr-based metallic glass rods before (b) and after (c) laser surface 
treatment (Wu et al., 2012). 
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Figure 2.16: Plastic strains of as-cast and LSM treated specimens for different sample 
dimensions (Cheng et al., 2016a). 
 
Regardless of the specific physical mechanism, or combination of mechanisms, 
driving the observed enhanced plasticity of BMGs following laser processing, it is 
interesting to point out that, in many of the experimental conditions reported to date, 
LSM was also accompanied by a softening of the irradiated surfaces (Chen et al., 
2012; Chen et al., 2010; Huang et al., 2018). Only in a few reports, namely those 
from Tariq et al. (2009), Mudry et al. (2013), and more recently, Huang et al. (2019), 
an increase in hardness was also observed following laser surface treatment. 
However, it is also worth noticing that these particular studies were most likely to 
be carried out when ablation, rather than melting, was the dominant processing 
regime. This was certainly the case for Huang et al. (2019) based on the 
observation of the Scanning Electron Microscope (SEM) images (shown in Figure 
2.17) that the authors reported. Tariq et al. (2009) and Mudry et al. (2013) did not 
provide such SEM images or made any comments on the topography of the 
resulting surfaces. However, it is reasonable to suggest that laser ablation was 
also likely the dominant regime given that the estimated fluence employed (in J/cm2) 
was one order of magnitude higher for Mudry et al. (2013) and two orders of 
magnitude higher for Tariq et al. (2009), compared to that of Huang et al. (2019). 
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Thus, for practical applications, it is of interest to find out whether the surface 
hardening of BMGs could also be achieved in the LSM regime, in addition to the 
well-known LSM-induced surface softening effect. It has to mention that surface 
hardening can improve its anti-abrasion resistance and further enhance its 
longeivity within the human body. Indeed, if a BMG part is cast near net-shape, it 
may not be desirable to apply a post-processing step leading to substantial laser-
based material removal on the surface. 
 
Figure 2.17: SEM morphologies of laser irradiated regions on a Vitreloy 1 BMG after 
polishing (Huang et al., 2019). 
 
It is also important to note that in all three studies highlighted above (i.e. Tariq et 
al. (2009), Mudry et al. (2013), and Huang et al. (2019)), a common observation is 
that the increase in hardness was always accompanied by the formation of 
crystalline precipitates. Tariq et al. (2009) selected three different laser processing 
conditions when irradiating an amorphous Zr55Cu30Al10Ni5 workpiece. While the 
resulting hardness was systematically higher than that of the as-cast specimen, 
these authors also observed that, as the laser power was raised, and consequently 
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the size of the primary secondary phase increased, the hardness reduced. On the 
contrary, Mudry et al. (2013) found that the hardness of laser irradiated Fe-based 
amorphous ribbons increased linearly with the percentage increase of the 
introduced crystalline phase. So far, the report from Huang et al. (2019) is the only 
example in which both hardening and softening effects were observed depending 
on the laser processing conditions utilised (shown in Figure 2.18). In this specific 
study, the well-known Vitreloy 1 amorphous alloy was irradiated in a nitrogen-rich 
environment. From the range of process parameters selected, these authors found 
that only one combination led to a hardness value higher than that of the as-cast 
specimen. Perhaps not surprisingly given the earlier results from Tariq et al. (2009) 
and Mudry et al. (2013), the sample with an increased hardness was also the 
specimen which exhibited the most pronounced laser-induced introduction of a 
secondary phase. 
 
Figure 2.18: Surface hardness values for different samples; A0 represents the as-cast 
sample, A1, A2, A3, B2 and C2 represent the BMG samples treated with different laser 
parameters (Huang et al., 2019). 
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2.5 Summary and knowledge gaps identified 
This chapter presented a review about the development of bulk metallic glasses, 
their biomedical applications as envisaged by the research community, as well as 
methods for the bio-compatibility evaluation of BMGs. Furthermore, the present 
state-of-the-art in the laser processing of BMGs for 1) micromachining, 2) surface 
texturing for bio-compatibility enhancement purpose and 3) surface melting for the 
improvement of their mechanical properties was discussed in detail as well. Based 
on the studies reviewed, a number of conclusions and knowledge gaps relevant to 
the context of this Thesis are identified as follows: 
I. Investigations in nanosecond laser micromachining on Vitreloy 105 via a 
combined experimental and theoretical study. It can be said that 
investigations in the laser micromachining of BMGs with multiple pulses 
have essentially been experimental in nature. For this reason, a combined 
theoretical and experimental study was conducted by further developing 
the thermal model reported in the single pulse work of Williams and 
Brousseau (2016) to simulate the incident energy from multiple and moving 
pulses. It is anticipated that knowledge of the theoretical thermal history of 
a BMG substrate can assist in the selection of appropriate laser processing 
parameters. Also, it is expected that by combining experimental 
observations and theoretical outcomes, an enhanced understanding of the 
laser micromachining of Vitreloy 105 could be achieved. A numerical 
simulation model that incorporates temperature dependent thermo-
physical properties and transient physical process is developed to predict 
the thermal behaviour. The underlying material removal mechanism and 
the influence of laser parameters are discussed according to the 
temperature evolution during the process in Chapter 4. 
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II. Investigations in the fabrication of surface patterns for wettability 
modification on Vitreloy 105 by nanosecond laser surface texturing. In the 
specific field of laser texturing of BMG materials, the literature is still scarce 
regarding efforts to tune the wettability of such surfaces. However, based 
on the wider body of literature about laser-based studies focussed on 
wettability modification of orthopaedic titanium alloys, it is expected that the 
tuning of surface wettability should depend on both the alteration of the 
surface topography and its chemistry. Therefore, further research efforts 
towards modifying the wettability of BMGs and also, focussed on 
understanding the associated driving mechanisms, are important to 
promote such amorphous alloys in bio-applications. Therefore, the 
nanosecond fibre laser was utilised in this study to fabricate two types of 
surface structures, i.e. dimple and groove patterns, on Vitreloy 105. 
Importantly, the surface chemistry of the laser textured surfaces was also 
investigated, using EDX mapping and XPS elemental analysis to evaluate 
the role of both surface topography and chemistry in the laser-induced 
modification of surface wettability. The associated results and discussions 
are reported in Chapter 5. 
III. Demonstration that laser surface texturing can be exploited to enhance the 
bio-compatibility of Zr-based BMGs. To the best of the author’s knowledge, 
no previous study has reported the application of laser surface texturing to 
enhance the bio-compatibility of the BMGs. In the present study, laser 
surface texturing of Vitreloy 105 was undertaken with the groove and 
dimple patterns using the ns fibre laser. The surface topography, chemical 
composition and wettability of these surfaces were characterised and 
measured via non-contact three-dimensional confocal microscopy, 
scanning electron microscopy, X-ray photoelectron spectrometry and 
contact angle measurements. The viability, attachment and morphology of 
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MG63 cells on different textured surfaces was evaluated by applying 
specific instruments and test formats. Finally, relationships between bio-
compatibility and surface chemical composition, surface roughness and 
surface wettability of the Vitreloy 105 surface with and without laser 
texturing was discussed. This work is the focus of Chapter 6. 
IV. Investigations in hardness, residual stress distribution, shear banding 
behaviour and microstructure evolution of Vitreloy 105 after laser surface 
melting. Given the body of literature reported earlier, one of the motivations 
behind the study conducted in Chapter 7 was to investigate whether it is 
possible to induce surface hardening while still operating in a melting-
dominated regime during laser processing. Indeed, if a BMG part is cast 
near net-shape, it may not be desirable to apply a post-processing step 
leading to substantial laser-based material removal on the surface. To 
achieve this aim, it is proposed to conduct LSM in ambient atmosphere 
rather than under inert gas shielding, as it has typically been the case in 
previous research. It is expected that processing in an oxygen environment 
promotes the formation of nucleation sites, and the subsequent growth of 
crystalline precipitates. In addition to the evaluation of the hardness, a 
further motivation was to assess the residual stress on the surface of 
irradiated regions. This aspect was not considered in any of three laser-
based studies described earlier that led to surface hardening. To achieve 
this, it is proposed to implement a relatively recent technique, which is still 
rather unknown in the field of BMG research. This technique relies on 
micro-scale focused ion beam milling and digital image correlation analysis 
(see e.g. the review from Lunt and Korsunsky (2015)). With the exception 
of reports by Cao et al. (2015) and Wang et al. (2016) in the context of laser 
shock peening, and by Korsunsky et al. (2016) when synthesising a Zr-
based BMG, this approach has rarely been employed for residual stress 
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measurements in amorphous alloy research. It is expected that this 
technique is particularly suited for the current investigation of LSM-induced 
hardness modification because the literature suggests limited correlation 
between hardness and compressive residual stress in BMGs (see, e.g. 
(Wang et al., 2011a)). Thus, traditional hardness tests alone may not be 
suitable to present a comprehensive assessment of how processing 
conditions affect the residual stress following LSM treatment. In addition, 
due to the size limitation of the Vitreloy 105 samples that were available in 
this study, compressive or tensile tests could not be conducted to 
complement the hardness and residual stress measurements by the 
additional assessment of the plasticity modification induced by LSM. To 
overcome this issue, nanoindentation tests were carried out as a means to 
analyse serrated flow characteristics of as-cast and laser irradiated 
samples, and thus to gain some insights into the localised shear banding 
behaviour associated with plasticity change under different LSM conditions. 
This study is reported in Chapter 7. 
38 
 
Chapter 3 Materials, experimental 
devices and methodology 
 
In this study, experimental and numerical simulation methods were exploited. The 
nanosecond fibre laser system, which was a key experimental device in this study, 
was capable of being used over a wide range of parameters in order to fit different 
purposes, including laser micromachining, laser surface texturing (LST) and laser 
surface melting (LSM). Further, a number of surface topography characterisation 
techniques were employed, i.e. 3D optical microscopy, contact micro-profilometry 
and atomic force microscopy (AFM). The microstructural characterisation of 
specimens was completed via X-ray diffraction (XRD), differential scanning 
calorimetry (DSC), scanning electron microscopy (SEM), energy dispersive X-ray 
(EDX) and X-ray photoelectron spectroscopy (XPS). The evaluations of 
mechanical properties, in particular hardness and shear banding behaviour, were 
conducted via Vickers micro-hardness, nanoindentation tests and complemented 
by combined micro-scale focused ion beam (FIB) milling operations and digital 
image correlation (DIC) analyses for residual stress measurements.. In-vitro cell 
culture and associated tests, i.e. cell viability, cell attachment and morphology 
observation, were also conducted to verify the bio-compatibility of the laser 
textured Vitreloy 105 surfaces. Finally, a commercial software platform, 
COMSOLTM was used to perform thermal analyses. This Chapter presents details 
about the Vitreloy 105 material and the range of experimental equipment used 
while the methodology behind the thermal simulations will be reported in Chapter 
4. 
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3.1 BMG material 
The BMG investigated in this work is commonly named Vitreloy 105. It has a 
nominal composition of Zr52.5Cu17.9Ni14.6Al10Ti5 (composition given in atomic percent, 
at%). The Vitreloy 105 specimens were commercially available and produced by 
the company Visser Precision (Denver, USA). These were cast using vacuum 
injection moulding to produce rods, which were 3 mm in diameter and 10 mm in 
length. Thus, in addition to the favourable fatigue properties of Vitreloy 105 
mentioned earlier, the BMG parts processed in this study exhibited the interesting 
characteristic of being synthesised with an industrial process rather than a 
laboratory-based technique. Furthermore, the physical, thermo-dynamical and 
mechanical properties of Vitreloy 105 are well documented in the literature (Table 
3.1). The composition of the alloy delivered by Visser Precision was 
Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 and thus, very slightly different from the standard 
composition of Vitreloy 105, which is Zr52.5Cu17.9Ni14.6Al10Ti5. The specimens used 
for the laser experiments were cut from the as-received 10 mm long cylindrical rods 
with micro wire electrical discharge machining (μEDM) with as minimum energy as 
possible to obtain samples 3 mm in diameter and 4 mm thick, as shown in the inset 
of Figure 3.1. The structure of the as-fabricated alloys was characterised by X-ray 
diffraction (XRD) with Cu Kα (λ=1.789 Å) radiation at 35 kV and 40 mA in 
continuous scan mode. As can be seen in Figure 3.1, the XRD pattern of the as-
cast specimens shows an overall amorphous halo and two crystalline peaks within 
the glassy matrix. Thus, it can be said that the specimens were not fully amorphous 
as they contained a crystalline phase, which was identified as CuZr2. Due to the 
small size of the Vitreloy 105 amorphous alloys available in this study, to ease 
handling and subsequent characterisation, all the BMG samples were mounted in 
the conductive resin and the top surface was left for exposure. Although extreme 
care was taken to cut the as-delivered 10 mm long rod with wire-EDM using as low 
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energy as possible, this initial process may result in the formation of a 
crystallisation layer and a rough surface. Hence, before and after the 
microstructural characterisation with XRD and the laser processing experiments, 
the exposed surfaces of the specimens were mechanically grinded using 1200 and 
2000 grit SiC papers followed by a final polishing step using a 1 μm diamond gel 
suspension until a mirror-like appearance was achieved. The specimens were also 
cleaned with acetone in an ultrasonic bath for 15 minutes to remove impurities and 
small particles from their surface. It has to mention that the only polished samples 
with no subsequent processing were named as-cast (AC) samples. In addition, 
before and after laser processing, all the samples were cleaned using the above-
mentioned method and dried in the air within 1 h.  
 
Figure 3.1: XRD pattern and photo (inset) of Vitreloy 105 metallic glass specimens. 
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Table 3.1: Material property values of the Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG (Bian et al., 
2002; Glade et al., 2000). 
Material Property Parameter (units) Symbol Parameter Value 
Density (g/cm3) 𝜌 6.73 
Glass Transition Temperature (K) 𝑇𝑔 675 
Crystallization Temperature (K) 𝑇𝑥 727 
Melting Point (K) 𝑇𝑚 1069 
Critical cooling rate (Ks-1) 𝑅𝑐 10 
Young’s modulus (GPa) 𝐸 88.6 
Shear modulus (GPa) 𝐺 32.3 
Bulk modulus (GPa) 𝐵 114.1 
Poisson’s ratio 𝑣 0.37 
Molar mass (kg/mol) 𝑀 0.0729 
Vickers’s Hardness (HV0.2) 𝐻𝑣 579 
3.2 Nanosecond fibre laser system 
The system utilised in this study was a fibre laser with 20 W output power 
manufactured by SPI Lasers (Southampton, United Kingdom). The actual spatial 
profile of the intensity of the delivered laser beam was near Gaussian with an M2 
value less than 2 while the focal length was 100 mm. This particular laser system 
is a Master Oscillator Power Amplifier (MOPA) laser which uses a seed laser 
accompanied with two amplifiers to achieve a high-power output laser pulse. With 
this unique MOPA configuration, the full average power can be maintained even 
as the repetition rate increases. The wavelength of the emitted laser was 1064 nm, 
and the maximum frequency is 500 kHz. Most importantly, this fibre laser had the 
“Pulse Tune” technique which can modify the pulse duration of the emitted laser 
ranging from 15 ns to 220 ns. Each pulse duration possesses a maximum pulse 
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energy and a frequency referred to as “PRF0” at which the peak power is achieved. 
Each pulse duration corresponds to one waveform, which can be pre-set via a 
software. The waveforms used in the present study are presented in the following 
table (Table 3.2) together with their pulse duration and maximum pulse energy, 
Emax, at PRF0. 
 
Table 3.2: Preset waveforms with their corresponding pulse duration, PRF0, and the 
maximum energy at PRF0. 
Waveform number Pulse duration (ns) PRF0 (kHz)  Emax (mJ) at PRF0 
11 220 35 0.57 
16 140 51 0.39 
22 65 80 0.25 
 
Figure 3.2 presents the generic evolution of the average power and pulse energy 
as a function of repetition rate for all the laser waveforms. Even though this 
behaviour is applied to every waveform, each of them has a specific PRF0 value 
at which it reaches the peak power. It can be seen from Figure 3.2 that, when the 
pulse repetition frequency is above the PRF0, the pulse energy decreases while 
the average power remains constant with the increase of the repetition rate. The 
relationship can be described using Equation 3.1: 
 𝑃𝑢𝑙𝑠𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑜𝑤𝑒𝑟 
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 
 3.1 
When the pulse repetition frequency is below the PRF0, the average power 
decreases with the decrease of pulse frequency to a certain value. With the 
abovementioned features of the fibre laser, the pulse energy always maintains in 
its maximum value, 𝐸𝑚𝑎𝑥. 
In order to calculate the delivered fluence, the effective diameter (D) of the laser 
spot was estimated first. Using the method presented by Liu (1982), it was found 
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to be 32 μm. This was described in more details in a previous work conducted by 
Williams and Brousseau (2016). The delivered laser fluence was then calculated 
by dividing the laser energy per pulse by the laser spot area, as shown in Equation 
3.2: 
 𝐹𝑙𝑢𝑒𝑛𝑐𝑒 =
𝐸𝑛𝑒𝑟𝑔𝑦 
𝑙𝑎𝑠𝑒𝑟 𝑠𝑝𝑜𝑡 𝑎𝑟𝑒𝑎
 3.2 
 
Figure 3.2: Evolution of pulse energy and average power as a function of the pulse 
repetition frequency (From SPI Manual) 
 
This fibre laser source was integrated into a LaserTech system (DMG, Germany). 
This machine tool displayed a high-resolution 5-axis motion platform to achieve the 
cooperative control of the laser and the translation stage. All laser processing 
operations were conducted in ambient atmosphere. The laser was kept stationary 
to ensure the consistency of the delivered laser energy. Thus, the laser path on 
specimen surfaces was dictated via the movement of the machine tool stage. 
Schematic diagram of the nanosecond fibre laser system used in the present study 
is shown in Figure 3.3. As can be seen from this figure, the fibre laser, the 
translation motion platform, the clamping stage, the built-in probe and other 
accessories are enclosed in the box for the purpose of operation safety. A 
computer was used to control the laser and the motion platform via the LSPwin 
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software (DMG. Germany). The delivered laser energy, frequency, pulse duration, 
scanning speed and track distance could also be pre-set via this software. The 
clamp stage was specifically designed for the fixation of the specimen. The built-in 
probe was used to measure the thickness of the specimen, to adjust the distance 
from the specimen surface to the delivery optic laser. 
 
Figure 3.3: Schematic diagram of the nanosecond fibre laser system used in the present 
study. 
3.3 Surface characterisation 
3.3.1 Atomic force microscope (AFM) 
An Atomic Force Microscope (XE-100 from Park Systems, South Korea) was used 
to measure the dimensions of single craters on the Vitreloy 105 amorphous alloy 
surface generated by the laser. This AFM device mainly consisted of a CCD 
camera, objective lens, clamping device, AFM head and nano-scale positioning 
stage. Since the maximum scan area of the AFM was a 40 by 40 μm square area, 
the AFM could only be used to measure the dimension of single craters. Thus, 
laser machined grooves and larger cavities could not be scanned with this 
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instrument. Obtained 3D AFM images were processed by the XEI software, also 
from Park Systems. In order to determine the size of a crater, its boundary was 
defined at the point where the height of the crater edge, prior to the crater rim, was 
the same as that of the height of the surface of the sample as illustrated with a 
typical example in Figure 3.4. Besides, three measurements of depth and diameter 
were taken for each crater and the average values were then used. 
  
Figure 3.4: schematic diagram of the method used to evaluate the diameter and depth of 
the crater. 
3.3.2 Contact surface profilometer 
The bottom of a laser machined cavity is typically black and uneven, which 
seriously affects the reflection of light from an optical microscope. Thus, non-
contact inspection techniques were not readily applicable for dimensional 
measurements of such features. Therefore, a contact surface profilometer 
(Talysurf Series 2, Taylor Hobson) was employed to measure the dimensions of 
the laser-machined cavities (shown in Figure 3.5). The Talymap software (Taylor 
Hobson) was employed for obtaining the machined cavity dimensional data. In this 
study, the laser-machined cavity was pre-set to be a 1 by 1 mm square and the 
surface profiler only used to measure the depth of the cavities after laser machined 
with one layer. With the dimensional information, the material removal rate (MRR) 
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of laser micromachining under one particular set of laser parameters was 
calculated to evaluate the machining efficiency. 
 
Figure 3.5: Schematic diagram of the Taylor Hobson Talysurf Series 2 surface 
profilometer. 
 
The efficiency of machining a cavity was assessed by calculating the material 
removal rate for one layer, 𝑀𝑅𝑅, as follows (Wang and Zeng, 2007): 
 𝑀𝑅𝑅 =
𝜌×𝐿×𝑊×𝑑
𝑡𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔
  (3.3) 
where 𝜌 is the density of Vitreloy 105, 𝐿 is the length of the cavity, 𝑊 is the 
width of the cavity and 𝑑 is the depth of a removed layer, which was measured 
with the Talysurf instrument, and 𝑡𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 is the total processing time defined 
as the time when the laser beam is on. 
For machining one layer, 𝑡𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 is given by: 
 𝑡𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 = 𝑁𝑝𝑢𝑙𝑠𝑒𝑠 × 𝑁𝑡𝑟𝑎𝑐𝑘𝑠 × 𝑡𝑝 (3.4) 
where 𝑡𝑝 is the pulse duration, 𝑁𝑡𝑟𝑎𝑐𝑘𝑠 is the number of tracks in one layer and 
𝑁𝑝𝑢𝑙𝑠𝑒𝑠 is the number of pulses for one track.  
The number of tracks in one layer is expressed as:  
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 𝑁𝑡𝑟𝑎𝑐𝑘𝑠 = (𝑊 𝐷𝑠⁄ ) + 1 (3.5) 
where 𝐷𝑠 is the track distance between two adjacent laser tracks. 
The number of pulses for one track of length, 𝐿, is given by: 
 𝑁𝑝𝑢𝑙𝑠𝑒𝑠 =
𝐿
𝐴
  (3.6) 
where 𝐴 is the distance between the centres of two successive laser pulses.  
The value A is simply given by: 
 𝐴 =
𝑉
𝑓
  (3.7) 
where 𝑉 is the scanning speed and 𝑓 is the pulse repetition frequency. 
3.3.3 3D non-contact surface profiler 
A Sensofar S mart series non-contact three-dimensional surface profiler (Sensofar 
Co., Barcelona, Spain) was used (see Figure 3.6), This instrument consisted of 
several key components which work together to obtain the useful surface 
information of the samples, namely a sensor head mounted on a motorized Z-axis, 
three magnification objective lenses (10×, 20×, 50×, 150×), a vibration-isolation 
table integrated with a manual X-Y sample platform, a computer installed with 
SensoMapTM and SensoScanTM (Sensofar Co., Barcelona, Spain) software. The 
SensoSCAN software was used to control the surface profiler and obtain the data, 
and the SensoMap was used to analyse the data, for example, calculating the 
surface dimensional parameters (roughness, height or volume). 
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Figure 3.6: Schematic diagram of Sensofar non-contact three-dimensional surface 
profile. 
 
This system can implement three different measurement technologies, namely 
confocal, interferometry and focus variation, combined into a single sensor head 
via a micro-display approach to measure the sample surface before and after laser 
processing. The SensoSCAN software can be employed to support the user in 
selecting the most appropriate measurement technique. The confocal mode has 
been developed for measuring smooth to very rough surfaces, which can provide 
the highest lateral resolution that can be reduced to 0.01 μm. The white-light 
vertical scanning interferometry (VSI) is a widely used and powerful technique for 
measuring surface characteristics such as topography or transparent film structure. 
It is suitable for the measurement of smooth to moderately rough surfaces and 
provides the nanometre vertical resolution. The Focus Variation technology has 
been developed for measuring the shape of large rough surfaces. The detailed 
comparisons between each technology are listed in Table 3.3. 
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Table 3.3: Technologies of the Sensofar S mart surface profiler (From Sensofar manual). 
Technologies Features Applications 
Confocal 
smooth to very rough surfaces, 
micro-scale feature 
Critical dimension measurements 
White-light vertical scanning 
interferometry (VSI)  
smooth surfaces, micro-scale and 
nano-scale features 
Topography or transparent film 
structure 
Focus variation 
Large rough surface, high slope 
surfaces 
Tooling measurements 
 
Based on the abovementioned features and applications of the corresponding 
imaging technologies, the confocal mode was used for the dimensional 
measurement of laser-machined grooves, and the VSI technique was applied to 
the surface topography measurement and surface roughness calculation. As an 
example, Figure 3.7(a) illustrates the 3-D topography of a laser-machined groove 
on Vitreloy 105 when being scanned with the confocal mode. The sectional profile 
of the groove is presented in Figure 3.7(b). The colour bar represents the depth 
information of the laser-machined grooves. Since the sample surface is not very 
flat, a plane tilt correction was carried out using the SensoMap software before 
obtaining the final sectional profile. The depth and width were measured for three 
consecutive grooves, and the average value was taken to represent the 
dimensions of the laser-machined grooves under a given set of parameters. 
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(a)                                   (b) 
Figure 3.7: (a) Example of the Sensofar measurement of a groove machined by the 
multiple laser pulses with the laser fluence of 30 J/cm2, scanning speed of 100 mm/s and 
at 20KHz; (b) Sectional profile of Fig. 3.7 (a). 
3.3.4 Scanning electron microscope (SEM) 
In order to acquire more information about the laser processed surfaces, a high-
resolution method, i.e. scanning electron microscopy, was exploited. Compared to 
3D optical microscopy, SEM can provide a wider range of focal depths, improved 
resolution and a simple interpretation of obtained images. A field-emission 
scanning electron microscope (1540XB from Carl Zeiss, Germany) was used in 
this study to examine the surface topography of the processed specimens from a 
qualitative perspective. Two kinds of signal, secondary electrons (SE) and 
backscattered electrons (BSE), can be detected. The BSE detector is particularly 
suited to distinguish different phases, providing imaging information about the 
composition distribution of a sample. The SE detector is beneficial for the surface 
topography inspection. In this study, both of these two signals have been used. In 
addition, a focused ion beam gun and energy dispersive X-ray detector were also 
incorporated into this system. 
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3.3.5 Surface microstructure and chemistry analysis 
As described in section 3.1, the amorphous structure of the as-cast Vitreloy 105 
specimens was confirmed by X-ray diffraction (XRD). The surface microstructural 
evolution of Vitreloy 105 after laser surface treatment was also characterised via 
XRD. The instrument used was a Philips PW3830 X-ray diffraction equipment 
using Cu-Kα radiation (λ=1.789 Å) with a scanning speed of 0.02°/s at the 
generator settings of 35KV, 40mA in a continuous mode. The data was collected 
over a 2θ range of 5° to 90°, a counting time of 0.5 s/step. The data were analysed 
using the X-pert Hi score plus software. 
As discussed earlier, the surface wettability of materials also depends on the 
chemical composition distribution of the specimen surface to some extent. The 
surface chemistry analysis of the Vitreloy 105 specimens without and with laser 
processing was conducted via a qualitative method, energy dispersive X-ray (EDX) 
and a quantitative method, X-ray photoelectron spectroscopy (XPS). EDX 
analyses were achieved by an energy dispersive X-ray (EDX) micro-analyzer 
(INCA X-sight, Oxford Instruments, UK) which was integrated into the SEM. The 
mapping figure of each chemical element was obtained using the associated INCA 
software. In addition to EDX, the more precise elemental analysis method was 
performed by XPS using an ESCALABTM Xi+ spectrometer microprobe (Thermo 
Fisher Scientific, USA) to evaluate the chemical composition variation of BMG 
samples before and after laser processing. The X-ray spectra were acquired using 
the monochromated Al Kα X-ray source. All XPS data were analysed with the XPS 
PEAK4.1 software using the Shirley backgrounds. Both the survey and narrow 
scan spectra were recorded from an analysis area 300 × 700 μm2 on the surface 
of inspected amorphous alloy samples. 
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3.4 Wettability analysis 
3.4.1 Contact angle measurement 
The wettability of a solid surface can be quantified by contact angle measurement, 
which can be described by the Young-Dupre equation, as illustrated in Figure 3.8 
and described as follows: 
 𝛾𝑆 = 𝛾𝑆𝐿 + 𝛾𝐿 cos 𝜃𝑐 (3.8) 
where 𝜃𝑐 is the equilibrium contact angle, 𝛾𝑆 is the surface free energy of the 
solid, 𝛾𝑆𝐿 represents the interfacial tension between the solid and liquid phase 
and 𝛾𝐿 is the surface tension of the liquid. Due to the size limit of the available 
Vitreloy 105 samples (i.e. only 3 mm in diameter), the dynamic contact angle 
measurements (advancing and receding contact angle) were not carried out. 
Therefore, the static contact angle was taken as the equilibrium contact angle 
in this study. 
 
Figure 3.8: Schematic diagram for the contact angle of a liquid drop on a solid surface 
according to Young’s equation. 
 
Static contact angles (SCA) were measured by a contact angle goniometer 
(DataPhysics OCA100, DataPhysics Co., Germany) using the sessile drop 
technique along with a video-based optical angle measuring system at room 
conditions of constant temperature 25 ℃ and air humidity around 50%. Prior to the 
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measurements, the samples were cleaned with an isopropanol solution and left to 
dry in the desiccator at room temperature. A 0.5 μL droplet of distilled-deionized 
(DD) water was dispensed on the sample surfaces. The contact angles were 
captured by a camera when the dispensed droplet reached the equilibrium state 
on the surfaces. The contact angle was then determined by analysing the droplet 
images using the software SCA20 provided by DataPhysics. The establishment of 
the equilibrium state is considered regarding the measure duration when the drops 
remain steady on the sample surface (no spreading of the drop). The process of 
placing the liquid droplet on the sample surface is shown in Figure 3.9. When the 
liquid droplet was dropped on the specimen surface and stayed still, the side view 
was captured by a camera. The contact angle values calculated were the average 
value of the left and right CA as shown in Figure 3.10. As it takes a very short time 
to complete one measurement, the evaporation effect was considered to be 
negligible. 
 
Figure 3.9: The process of placing the liquid droplet on the sample surface. 
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Figure 3.10: Contact angle measurement (Coventry University). 
3.4.2 Surface free energy 
The literature reports that the surface free energy also plays an important role in 
cell attachment and protein adsorption (Satriano et al., 2003). Therefore, the 
surface free energy (SFE) of all the sample surfaces was calculated in this study. 
In the open literature, the surface free energy is widely determined via the Owens-
Wendt-Rabel-Kaeble (OWRK) method (Luo et al., 2011; Owens and Wendt, 1969). 
In the present work, the OWRK method was chosen for the calculation of the 
surface free energy as well (Waugh and Lawrence, 2010). In this method, the SFE 
of a solid is considered to be the compromise of two components: dispersive and 
polar components. The equation is as follows: 
 𝛾𝑆𝐿 = 𝛾𝑠 + 𝛾𝐿 − 2√𝛾𝑆
𝑑𝛾𝐿
𝑑 − 2√𝛾𝑆
𝑝𝛾𝐿
𝑝
 (3.9) 
where 𝛾𝑆
𝑑 is the dispersive component and 𝛾𝑆
𝑝
 is the polar component of the 
solid SFE, while 𝛾𝐿
𝑑  is the dispersive part and 𝛾𝐿
𝑝
 is the polar part of the 
surface tension for testing liquids, 𝛾𝑆𝐿, 𝛾𝑠 and 𝛾𝐿 have already been defined 
in Equation 3.8. In combination with Young’s equation, a linear equation (𝑦 =
𝑚𝑥 + 𝑐) can be obtained as follows: 
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𝛾𝐿(1+𝑐𝑜𝑠 𝜃𝑐)
2√𝛾𝐿
𝑑
⏟      
𝑦
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𝑝
⏟
𝑚
∙ √
𝛾𝐿
𝑝
𝛾𝐿
𝑑
⏟
𝑥
+ √𝛾𝑆
𝑑
⏟
𝑐
  (3.10) 
The total surface free energy (SFE) 𝛾𝑇is the sum of polar components 𝛾𝑝 and the 
dispersive components 𝛾𝑑, as shown in Equation 3.11: 
 𝛾𝑇 = 𝛾𝑝 + 𝛾𝑑 (3.11) 
It can be seen that two testing liquids are needed to calculate the surface free 
energy of a solid surface. Therefore, in the present study, apart from the deionized-
distilled water, the ethylene glycol was also used as the testing media to quantify 
the surface free energy of Zr-based alloys before and after laser surface texturing. 
The polar and dispersive components of the surface free energy for the testing 
liquids employed are listed in Table 3.4. 
 
Table 3.4: Surface free energy characteristics of the liquids. 
Liquid Dispersive energy (γd) 
(mN/m) 
Polar energy (γp) 
(mN/m) 
Total surface energy (γT) 
(mN/m) 
Distilled-deionized water 21.8 51 72.8 
Ethylene glycol 29 19 48 
3.4.3 Work of adhesion 
The work of adhesion is defined as the reversible thermodynamic work required to 
separate the solid-liquid interface from the equilibrium state to a separation 
distance of infinity, which is of great importance for solid-liquid contacts 
(Ebnesajjad and Ebnesajjad, 2013). The interfacial attraction increase can result 
in enhanced work of adhesion. Equation 3.12 shows the work of adhesion (𝑊𝑎) 
calculation for a liquid-solid combination based on the OWRK equation: 
 𝑊𝑎 = 2(√𝛾𝑆
𝑑𝛾𝐿
𝑑 +√𝛾𝑆
𝑝𝛾𝐿
𝑝
) (3.12) 
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The definition of 𝛾𝑆
𝑑 , 𝛾𝐿
𝑑 , 𝛾𝑆
𝑝
, 𝛾𝐿
𝑝
 have already been described previously in the 
current section. 
3.5 Mechanical property measurement 
Biomaterials made for orthopaedic implants typically experience very complex and 
severe conditions during servicing. These include corrosion, fatigue, abrasion and 
irregular loading, which may cause the failure of these devices (Chen and Thouas, 
2015). Therefore, suitable mechanical properties are basic requirements of the 
materials for biomedical applications. As described in previous chapters, short 
pulse laser can be used to process the surface of BMGs samples to enhance their 
surface mechanical properties via the laser-induced rapid heating and cooling rate. 
In this study, Vickers micro-hardness tests, FIB-DIC based residual stress 
measurements and nanoindentation tests were conducted to evaluate particularly 
the hardness and shear banding behaviour of Vitreloy 105 after laser processing. 
3.5.1 Vickers micro-hardness test 
A Vickers micro-hardness instrument (Innovatest, Maastricht, Netherlands), set 
with a load of 2 kg and a dwell time of 10 s, was accessed to measure the surface 
Vickers micro-hardness distributions before and after laser surface melting 
treatment. The Vickers hardness (𝐻𝑣) with the following expression: 
 𝐻𝑣 = 0.1891𝐹 D
2⁄  (3.13) 
where 𝐹  is the load (N) and 𝐷 is the mean value from two lengths of the 
diagonal left by the indent (mm). 
The hardness on ten randomly selected positions on each surface was measured 
to obtain a value for each sample. In order to compare the hardness data between 
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different processing conditions, the t-test procedure was applied where a P-value 
less than 0.05 was considered statistically significant. 
3.5.2 FIB-DIC residual stress measurement 
Due to the amorphous structure of BMGs, residual stress quantification is 
challenging using diffraction-based methods. Macro-scale destructive techniques, 
such as hole drilling, are also not applicable as these methods do not have the 
resolution required to capture the highly localised stresses within the first few 
micrometres of a sample surface. 
For this reason, the method relying on micro-scale FIB milling and Digital Image 
Correlation (DIC) analysis was implemented (Lunt et al., 2015). Within this study 
the Zeiss 1540 XB FIB-SEM was used to incrementally mill micropillars on the 
surface of selected samples. The introduction of these traction free surfaces leads 
to stress relaxation within the core which is recorded by sequential SEM images of 
the sample surface. For example, a surface in a state of compression leads to pillar 
expansion during the milling process, with the inverse being true of a tensile 
surface stress. DIC is then used to quantify this strain change, which is compared 
with the results of finite element simulations in order to provide an estimate of the 
residual stresses originally present within the core. 
The samples were mechanically mounted using SEM grip stubs in order to 
minimise drift during the FIB and SEM procedure. A trench width of 1 μm was used 
to determine the average residual stress within a 5 μm diameter pillar. At each data 
point a milling current of 500 pA and accelerating voltage of 30 keV were then used 
to incrementally remove 350 nm of material in the shape of an annulus. Between 
each milling step, tilt corrected secondary electron SEM images were collected 
using an imaging voltage of 5 kV and current of 2.6 nA. The brightness and contrast 
of these images were adjusted to maximise surface contrast of the imaged features. 
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In total 14 milling increments, and images were collected at each measurement 
location in a total time of approximately 30 minutes. A representative example of 
such a ring-core feature milled in this way in the current study is given in Figure 
3.11. 
Three nominally identical measurements were made on each sample selected for 
residual stress analysis. These were spaced at approximately 50 μm intervals in 
order to ensure that the stress state being recorded at each location was nominally 
influenced by <1% by the previous measurement (Lunt and Korsunsky, 2015). 
In order to process the data, DIC was performed using a freely available MATLAB 
code specifically developed for this milling geometry (Eberl, 2019). Low resolution 
DIC was initially performed to correct for bulk drift of the samples, with a reduction 
factor of 5. Several thousand markers were then digitally selected across the centre 
of the core where strain relief is known to be uniform (Salvati et al., 2015). A 
correlation window size of 15 × 15 pixels was used for automated 2D tracking of 
the markers through the entire image set. Automated outlier removal following the 
routine implemented by Lunt et al. (2015) was then applied. 
As a final step, least squares fitting was then used to obtain estimates of strain 
relief at each milling increment as well as the full strain relief at infinite depth. The 
following estimates of Young’s modulus E=88.6 GPa and Poisson’s ratio of ν=0.37 
(Bian et al., 2002) were used to convert these strain relief values into estimates of 
the average residual stress and associated confidence interval at each data point. 
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(a)            (b)            (c) 
Figure 3.11: Representative SEM images taken during FIB milling of a ring-core feature 
on the as-cast sample: (a) original surface; (b) after milling two layers (c) upon completion 
of the process, i.e. after milling 14 layers. 
3.5.3 Nanoindentation test 
The plastic deformation of BMGs originates from local shear bands with 
micro/nano-scale characteristics (Huang et al., 2016). Since nanoindentation has 
the advantages of high temporal and spatial measurement resolution, small 
probing volume, and good compatibility for brittle materials, the literatures show 
that it can be been used for the investigation of the shear banding behaviour of 
BMGs (Fucheng Li, 2014; Fucheng Li, 2016; R.Maab, 2014). To be more specific, 
the serrated flows on the load-depth curves obtained from the nanoindentation 
instrument are directly related to the shear band operations (Huang et al., 2016; 
Schuh et al., 2007).Therefore, in the present study, the nanoindentation tests were 
conducted with a ENT-1100 nanoindentation instrument (Elionix Inc., Japan) using 
a Berkovich indenter under the load-control mode, while recording the load-
displacement curve for each test. This nanoindentation instrument is shown in 
Figure 3.12. It mainly consists of a computer-controlled translation platform for 
lateral motions, an optical microscope, a nanoindenter and a computer, which is 
used to control the indenter and motion platform as well as to record the data. An 
indentation load of 100 mN and loading/unloading rates of 2 mN/s were selected. 
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The holding time at the maximum indentation load was set to be 1 s for all the 
indentation tests. For each case, three nanoindentation tests (1×3 arrays) were 
carried out. In order to avoid interaction effect, the distance between adjacent 
indents along the horizontal direction was set to be 50 μm. 
 
Figure 3.12: ENT-1100 nanoindentation instrument (accessed at Keio University, Japan). 
 
In order to highlight the difference of serrated flows between the different sample 
surfaces, the depth-difference method (Huang et al., 2012b) was employed. The 
mechanism behind this method can be summarised as: 
 ∆ℎ1 = ℎ1 (3.14) 
 ∆ℎ𝑛 = ℎ𝑛 − ℎ𝑛−1 (𝑛 = 2, 3 ∙∙∙) (3.15) 
 ∆𝑃1 = 𝑃1 (3.16) 
 ∆𝑃𝑛 = 𝑃𝑛 − 𝑃𝑛−1 (3.17) 
where ∆ℎ𝑛 , ∆𝑃𝑛  are the depth difference and load difference of the n-th 
sampling point (ℎ𝑛, 𝑃𝑛), and (ℎ𝑛−1, 𝑃𝑛−1) is the previous sampling point. 
The loading rate and the sampling rate of the nanoindenter were kept constant 
during the indentation process. Thus, the load difference ∆𝑃𝑛 is a constant but the 
depth difference ∆ℎ𝑛  changes with the penetration depth, particularly when 
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serrated flow events are visible in the P-h curves. As shown in the enlarged view 
of a typical serrated flow (Figure 3.13(b)), the value of depth difference ∆ℎ𝑛 
increases quickly during such event. This translates into one peak on the derived 
depth-difference curve. Thus, each peak on the depth-difference curve extracted 
from load-displacement (P-h) data denotes one serrated flow event. Moreover, the 
height of these peaks indicates the size of serrated flows. Therefore, the number 
and height of these peaks are good indicators that can be easily used to evaluate 
the surface plasticity of BMGs. An example of a depth difference-load curve 
extracted from the P-h data shown in Figure 3.13(a) in the load range of 10-100 
mN is shown in Figure 3.14. It can be seen that there are many sharp peaks on 
the depth difference-load curve, which indicates a large number of serrated flows 
on the P-h curve. 
  
(a)           (b) 
Figure 3.13: (a) Example of load-depth (P-h) curves obtained on Vitreloy 105; (b) 
enlarged view of one serrate flow shown in (a). 
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Figure 3.14: Example of a depth difference-load curve extracted from the P-h data 
shown in Figure 3.13(a), in the load range of 10-100 mN. 
3.6 In-vitro bio-compatibility test 
Prior to being used in clinical applications, bio-compatibility is an essential property 
to be tested for the sake of avoiding any adverse effect in the human body. This is 
typically assessed through in-vitro cellular response and in-vivo animal 
implantation (Li and Zheng, 2016). In general, in-vitro test is always the first step 
to evaluate bio-compatibility. In the present study, the cell viability test, cell 
morphology and attachment observation on the Vitreloy 105 samples with and 
without laser surface texturing treatment was conducted. 
3.6.1 Cell culture 
Human MG-63 osteoblast-like cell lines were used in this study. Cell lines 
(passages 28-32) were cultured in the T75 cell culture flasks in the cell medium, 
comprising of alpha minimum essential medium (α-MEM) supplemented with 10% 
(v/v) heat-inactivated fetal bovine serum (FBS), 100 units/mL penicillin G sodium, 
0.1 μg/mL streptomycin sulfate, and 0.25 μg/mL amphotericin. The cells were 
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incubated in a 5% CO2 balanced air incubator (shown in Figure 3.15(a)) at 37℃. 
The cell culture medium was changed every 2-3 days. When changing the medium, 
the old cell medium was extracted by the pipette first, and then the cells were 
washed by the PBS three times before adding the fresh medium. Before cell 
passaging or cellular behaviour studies, the confluent cells were detached using 
the Trypsin, and the cell counting was conducted. During the cell counting process, 
the Trypan Blue was used to stain the cell and the haemocytometer was used in 
the invert optical microscope (shown in Figure 3.15(b)). Afterwards, the 
corresponding amount of the fresh culture medium was added to re-suspend the 
cells to obtain an intended density of cell suspension. Cells were cultured until 
approximately 80-90% confluent before being used for subsequent experiments. 
All the above-mentioned procedures were conducted in the hood (shown in Figure 
3.15(c)) to avoid the contamination. All the in-vitro bio-compatibility tests were 
conducted in the Cardiff School of dentistry. 
Before seeding the cells on the sample surface, all the BMGs samples were 
autoclaved for approximately 15 minutes at 121 ℃ and 1.4 bar and then put into 
the 96-well plates. Cells were seeded on the sample surface with the density of 
15000 cells/cm2 (approximately 1500 cells per sample) and incubated for 1h at 37℃ 
in 5% CO2 incubator to allow attachment then flood the wells with the culture media 
followed by a 24 hours’ incubation. 
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(a)                                    (b) 
     
(c)                              (d) 
Figure 3.15: Devices used for cell culture (a) incubator (b) invert optical microscope (c) 
hood (d) cell-seeded samples in the 96 well plate (Cardiff School of Dentistry). 
3.6.2 Cell viability 
Cell viability was evaluated by the cell counting kit-8 (CCK-8) assay (Sigma-Aldrich, 
USA) due to its high detection sensitivity. This assay is based on the cellular 
conversion of a tetrazolium salt into a soluble formazan dye, which can be 
characterized by optical density measurements. The amount of formazan dye 
generated by the activity of dehydrogenases in the cells is directly proportional to 
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the number of living cells (Li and Ai, 2014; Li et al., 2013b). After culturing the cell-
seeded samples for 24 hours in the incubator, the culture media was removed 
followed by the three times’ wash with phosphate-buffered saline (PBS) to remove 
the non-adherent cells and then transferred to fresh 96-well plates. Afterwards, a 
10 μL CCK-8 reagent was added to each well that contains the samples and 
incubated for 3 hours according the reagent instructions. Finally, colorimetric 
measurement of the formazan dye was performed on a microplate reader with an 
optical density reading at 450 nm. An empty well with no cells was used as the 
negative control and a well with 1500 cells was used as a positive control. The 
experiment was repeated in triplicate (n=3) and the average OD value was taken 
as the final results for each group. 
3.6.3 Cell attachment and morphology 
Following the absorbance measurements, the medium was replaced with 10% 
formalin to fix the attached cells, which were then incubated at 4°C overnight. 
Following incubation, the 10% formalin solution was removed, and the cells were 
washed three times with tris-buffered saline (TBS). The cells were permeabilised 
with filtered 1% Triton X-100 (Sigma-Aldrich) for 30 minutes at room temperature 
(RT) and washed again with TBS three times, followed by blocking of non-specific 
binding sites with 1% normal horse serum (Vector Laboratories, UK) in TBS for 1 
hour at RT. The actin filament of the cells was stained with the freshly prepared 
phalloidin stain (phalloidin fluorescein isothiocyanate labelled, Sigma-Aldrich) at a 
ratio of 1:50 in TBS and left for 40 mins at RT. Cells were washed 3 times with TBS 
and left for 5 mins to dry. Then, 10 μL of DAPI (Vectashield Hard Set, Vector 
Laboratories, UK) was added to each sample surface to stain the nuclei of the cells. 
Cell attachment and morphology analysis was performed on the fluorescent 
images obtained via an AX70 Olympus Provis fluorescent microscope. 
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3.7 Summary 
In this chapter, details about the Vitreloy 105 materials as well as its nominal 
mechanical and physical properties were described first. Next, the components of 
the laser system utilised, and its operational characteristics were presented. Next, 
all the devices and methods employed for the characterisation of laser processed 
surfaces, including atomic force microscopy, contact surface profilometry, three-
dimensional optical microscopy, scanning electron microscopy and the material 
removal rate characterisation procedure as well as surface microstructure and 
chemistry analysis were presented. Following this, a comprehensive description of 
the facilities and methods employed for surface wettability analysis was reported. 
The methods used to assess mechanical properties, i.e. hardness and shear 
banding behaviour, of Vitreloy 105 surfaces were subsequently introduced. Finally, 
the devices, methods and techniques of analysis related to cell culture and cell 
viability, as well as cell attachment and cell morphology, were outlined.
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Chapter 4 Laser micromachining of 
the Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 bulk 
metallic glass: experimental and 
theoretical study 
 
4.1 Introduction 
The study presented in this chapter aims to contribute to research efforts in laser 
micromachining of BMGs using multiple moving pulses given the potential 
application of this technique for the manufacturing of micro-scale orthopaedic 
implants and biomedical devices. In this study, a ns fibre laser was used to 
machine the Vitreloy 105 Zr-based BMG with different laser parameters. A 
numerical simulation model that incorporates temperature-dependent thermo-
physical properties and transient physical process was developed to predict the 
thermal behaviour within the Vitreloy 105 workpiece material. The underlying 
material removal mechanism and the influence of laser parameters were discussed 
according to the temperature evolution during the process. Finally, the material 
removal rate (MRR) achieved during laser milling operations was analysed based 
on the distance between two linear tracks once all other parameters were 
determined. 
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4.2 Numerical modelling and experimental procedures 
4.2.1 Computational modelling 
Given the very short laser material interaction time in the ns regime, it is difficult to 
conduct in-situ experimental measurements to capture accurately thermal effects 
during processing. For this reason, a finite element (FE) based numerical 
computational model was developed using the commercial software platform, 
COMSOLTM. A two-dimensional theoretical model was created to analyse the 
temporal and spatial evolution of the temperature on the surface, and within, the 
target material. This model was also used to predict the thermal history of the BMG 
specimens and the dimensions of machined craters when processed under 
different laser parameters. 
In the ns regime, when the laser beam is irradiated on a surface, the delivered 
energy is absorbed by electrons within the lattice during a time length, which is 
shorter than the pulse duration. This means that the energy absorbed by the target 
material can be regarded as being transformed instantaneously into heat (Ready, 
1965; Vora et al., 2013). Therefore, the constitutive equation used in this study was 
the classic Fourier heat equation (Steen and Mazumder, 2010). In addition, it was 
assumed that the laser energy followed a Gaussian distribution both temporarily 
and spatially. Furthermore, the laser intensity decay along the depth of the 
irradiated material can be described by the Beer-Lambert Law (Hitz et al., 2012). 
Consequently, the heat input, 𝑃(𝑥, 𝑡), in the developed model was expressed as 
follows: 
 𝑃(𝑥, 𝑡) = 𝛼 × (1 − 𝑅) × 𝑃0 × 𝑒
−2(
𝑥−𝑥0
𝑟
)
2
× 𝑒
−4×𝑙𝑛2×
(𝑡−𝑡0)
2
(𝑡𝑝)
2
× 𝑒−𝛼𝑧 (4.1) 
where 𝛼  represents the absorption coefficient ( 1 𝑚⁄ ), 𝑅  denotes the 
reflectivity, 𝑃0 is the peak output intensity of the pulsed laser (𝑊 𝑚
2⁄ ), 𝑥 is the 
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coordinate along the surface of the irradiated material (𝑚), 𝑥0  denotes the 
centre of the laser spot (𝑚), 𝑟 is the radius of the laser beam at the focal point 
(𝑚), 𝑡0 represents the time at which the pulse starts (s), 𝑡𝑝 is the full duration 
of the pulse at half maximum (𝑠), and 𝑧 is the coordinate along with the depth 
(𝑚).  
The peak output intensity, 𝑃0, is described as: 
 𝑃0 =
𝐸
(𝜋𝑟2×𝑡𝑝)
 (4.2) 
where 𝐸 is the pulsed laser energy (𝐽).  
In this model, the heat loss resulting from the latent heat of fusion and the induced 
ablation is considered by introducing a heat flux term, 𝑞𝑎, as a thermal boundary 
condition. This term is expressed as: 
 𝑞𝑎 = ℎ𝑎(𝑇𝑚 − 𝑇) (4.3) 
where 𝑇 is the material temperature, 𝑇𝑚 is the melt temperature and ℎ𝑎 is a 
temperature-dependent heat transfer coefficient, which is expressed with a 
ramp function equal to zero when 𝑇 < 𝑇𝑚 and that increases linearly as 𝑇 >
𝑇𝑚. 
The prediction of the topography of single craters was achieved using a 
COMSOLTM built-in module named “deformed geometry”. In particular, the volume 
in the material for which the temperature is computed to be above 𝑇𝑚 is removed 
from the target material and the remaining profile is taken as the crater topography. 
In order to improve the modelling accuracy, the specific heat capacity, 𝐶𝑝 
(𝐽 (𝑘𝑔 𝐾)⁄ ), and the thermal conductivity, k (𝑊 (𝑚 𝐾)⁄ ), of Vitreloy 105 were set to 
be temperature-dependent. However, the density, 𝜌 , and the absorption 
coefficient, 𝛼, were kept constant. Natural convection cooling and radiation were 
also incorporated in the model as boundary conditions. The specific values of the 
material parameters used in this model have already been given in the previous 
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section 3.1 (shown in Table 3.1), and the remaining thermal parameters are shown 
in Table 4.1. Finally, to simulate multiple and moving pulses conditions, the 
workpiece was defined to be stationary while the heat input was also modelled in 
COMSOLTM to be applied at regular time and space intervals along the 𝑥 
coordinate. More specifically, for the space interval, the position of the centre point 
of different laser spots along the 𝑥-axis is simply obtained by the product between 
the scanning speed and the period, while its 𝑧  coordinate is kept constant. 
Regarding the time interval between pulses, an analytical function, 𝛽, is used, 
which is defined as: 
 𝛽 = 𝐺𝑎𝑢𝑠𝑠_𝑡𝑖𝑚𝑒(𝑚𝑜𝑑(𝑡, 1/𝑓)) (4.4) 
where 𝐺𝑎𝑢𝑠𝑠_𝑡𝑖𝑚𝑒() is a temporal Gaussian function of the laser-induced heat 
input, 𝑚𝑜𝑑() is a built-in periodic function available in the COMSOLTM software 
and 𝑓  is the frequency of the pulsed laser. The function 𝐺𝑎𝑢𝑠𝑠_𝑡𝑖𝑚𝑒()  is 
simply expressed as: 
 𝐺𝑎𝑢𝑠𝑠_𝑡𝑖𝑚𝑒 = 𝑒
−4×𝑙𝑛2×
(𝑡−𝑡0)
2
(𝑡𝑝)
2
 (4.5) 
for which the parameters have been defined earlier in this section before. 
 
Table 4.1: Thermal parameters used in the model (Demetriou and Johnson, 2004; Glade 
et al., 2000; Kannatey-Asibu Jr, 2009; Kolev, 2011; Steen and Mazumder, 2010). 
Parameter (units) Symbol Parameter Value 
Specific Heat Capacity (J/(kg K)) Cp 
(1/M) × (24.9 + 11.2× 10-3T + 
6.43 × 106/T2) 
Thermal Conductivity (W/m K) K 0.0163T + 0.84 
Heat transfer coefficient (W/m2 K)  ha 100 
Emissivity 𝜀 0.35 
Absorption coefficient (1/m) 𝛼 1e7 
Reflectivity 𝑅 0.83 
Note: The value of the thermal conductivity, k, adopted in this study was that of Vitreloy 1 
due to the absence of any published data for this thermal property for Vitreloy 105. 
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4.2.2 Nanosecond laser processing: specific experimental plan 
The details of the laser system were described in the previous section 3.2. Thus, 
this section only presents the more specific experimental details implemented to 
address the objective of this chapter. 
Several waveforms corresponding to different pulse durations were employed, 
namely 65 ns, 140 ns and 220 ns. A range of different laser fluence values, 
scanning speeds and track distances were also considered for each pulse length. 
Machined cavities could be achieved by translating the motion platform of the 
system in 𝑥 , 𝑦  and 𝑧  directions. As illustrated in Figure 4.1, the laser beam 
travelled from a given starting edge of the area defining a cavity and moved to a 
finishing edge in the 𝑥 direction for a distance L, thus completing one track. The 
first irradiated spot for the subsequent track was set at a distance increment, Ds, 
of several micrometres in the 𝑦 direction. This process was repeated until a whole 
rectangular area was machined. Even though the depth machined in this manner 
for one layer is only a few micrometres, a cavity could be achieved in a layer-by-
layer sequence using multiple linear laser tracks. 
One issue in laser machining is the varying surface height of the specimen as 
material removal progresses, which affects the positioning of the surface at the 
focal length. To overcome this with the laser system utilised, the built-in probe was 
used to detect the specimen surface automatically after removing one layer. In 
order to guarantee the reliability of the data, all experiments were repeated three 
times. The detailed laser parameters used in the present study are shown in Table 
4.2. 
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Figure 4.1: Schematic diagram of the laser machining process. 
 
Table 4.2: Detailed laser parameter used for the laser irradiation experiments. 
Wavelength 
(nm) 
Spot 
diameter 
(μm) 
Laser 
fluence 
(J/cm2) 
Pulse 
duration 
(ns) 
Frequency 
(kHz) 
Scanning 
speed 
(mm/s) 
Track 
distance 
(μm) 
Machining 
operations 
1064 32 
30 220 35 - - 
Single pulse 
30 140 51 - - 
30 65 80 - - 
10 220 35 - - 
20 220 35 - - 
40 220 35 - - 
50 220 35 - - 
60 220 35 - - 
70 220 35 - - 
30 220 35 100 - Multiple pulses; 
machining of 
grooves 
30 220 35 200 - 
30 220 35 300 - 
30 220 35 200 5 
Multiple pulses; 
machining of 
cavities 
30 220 35 200 7 
30 220 35 200 10 
30 220 35 200 12 
30 220 35 200 15 
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4.3 Results and discussion 
4.3.1 Single pulse study 
Figure 4.2 shows the predicted thermal history on the surface of the BMG for 
different single pulses with various durations of 65 ns, 140 ns and 220 ns for a 
fixed laser fluence of 30 J/cm2. The typical topography of a single crater for each 
laser irradiation condition is also included in this figure. As the heat source is 
assumed to follow a Gaussian distribution in space, the peak temperature is 
thereby in the centre of the laser spot. Hence, this point was always chosen to plot 
the data shown in this study for analysing the temperature evolution during laser 
machining. The theoretical model predicted that the surface temperature under all 
these three laser conditions reached values above the melting point. This is 
confirmed by the SEM micrographs also shown in Figure 4.2. In particular, it can 
be seen from this figure that melt pools were formed on all specimens and that the 
melted material could also be either partially or completely ejected from the craters. 
This is indicative of the formation of recoil pressure caused by the vapour from the 
melt pool. The partially ejected material is located on the edge of the crater and is 
still in contact with the solidified melt pool due to the surface tension force opposing 
its separation. Completely ejected material re-solidified outside the crater. The 
plotted data also show that under a fixed laser fluence, the peak temperature 
decreases as the pulse duration increases. This is a result of the higher peak power 
at lower pulse length. On the other hand, a reduced pulse duration led to a slight 
decrease in the diameter of the melted region. This should be due to the fact that 
a longer pulse provides more time available for the heat to propagate within the 
substrate and thus, for a larger volume of material to reach a temperature above 
the melting point. 
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Figure 4.2: Simulated temporal thermal evolutions at a fluence of 30 J/cm2 for pulse 
durations of 65 ns, 140 ns and 220 ns. The inset SEM micrographs show the 
corresponding topography of the single craters. The horizontal line shows the melting 
temperature. Scale bars: 30 µm. 
 
The SEM micrographs displayed in Figure 4.3 provide more detailed surface 
topography data following single-pulse ablation with a duration of 65 ns at 30 J/cm2. 
In particular, several laser-induced topographical features are reported in Figure 
4.3(b), which include partially and fully ejected melt, surface ripples and vapour 
condensates. As suggested by the simulation data plotted earlier in Figure 4.2 
under this specific laser processing condition, the surface temperature rises over 
3000 K rapidly. This fast heating rate leads to the melt and vaporisation of the 
surface layer and the formation of a melt pool. In fact, the irradiance is estimated 
to be 4.6 x 108 W/cm2 in this case, which may also initiate the formation of plasma 
(Steen and Mazumder, 2010). The recoil pressure over the melt pool leads to the 
ejection of molten material, leaving behind liquid droplets in a direction from the 
inside to the outside of the crater. The region of vaporised particles that condensed 
back onto the surface is observed both on and outside the re-solidified crater. The 
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surface ripples could be attributed to effects taking place on the surface as well as 
within the material. In particular, the surface effect may be due to the Kelvin-
Helmholtz (KH) instability, which has been discussed by Liu et al. (2011b) in the 
case of Vitreloy 1. More specifically, KH-induced ripple features are typically 
generated at the interface between two fluids as a result of differences in their 
densities and velocities. For the work reported here, one of the fluids could be the 
vapour or plasma plume, and the other fluid would be the BMG material in its 
supercooled liquid state. Figure 4.3(c) illustrates the supercooled liquid region 
(SLR), which should form between the melt pool and the solid phase of the BMG. 
A second possible effect for the formation of ripples could be taking place within 
the material, also as a result of the recoil pressure. This pressure generates a radial 
force on the entire surface of the melt pool, which may be enough to “squeeze” the 
SLR. However, further work is necessary to test the validity of this hypothesis. 
Regardless of the specific cause for the formation of ripples, it is likely to be a 
consequence of the deformation of the material in the SLR. Using the thermal 
model developed in this study, it is estimated that the radial distance from the 
centre of the crater until the end of the SLR is 23 µm. As shown in Figure 4.3(d), 
this boundary corresponds to the isotherm for which the temperature is equal to Tg. 
This theoretical value is in relatively good agreement with the radial distance of 26 
µm, measured experimentally from the SEM data, until the point where the surface 
ripples extend. Interestingly, no ripple patterns could be noticed on the specimens 
treated with longer pulses. Based on data displayed earlier in Figure 4.2, it is likely 
that this is due to a combination of two factors: (1) the longer pulse duration 
induced more material to be ejected from the melt pool and then to redeposit on 
the surface, possibly covering the ripple patterns and (2) the peak temperature of 
the material achieved with the longer pulse duration is lower than that reached with 
the shorter pulse length of 65 ns, which may affect the recoil pressure of the plume. 
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Figure 4.3: (a) Full view and (b) close-up view of the surface topography of a crater on 
the Zr-based BMG resulting from single laser pulse irradiation at 65 ns and 30 J/cm2, (c) 
schematic diagram of the laser-material interaction process (d) predicted spatial 
temperature distribution on the centre of the irradiated spot based on the developed 
thermal model for irradiation at 65 ns and 30 J/cm2. 
 
Figure 4.4(a) shows the measured and simulated crater diameter and depth as a 
function of the laser fluence under the pulse duration of 220 ns. The simulated 
results were obtained by tracking the melt front and by assuming that all the melted 
material was removed from the crater. In spite of this simplifying assumption, it can 
be seen that the theoretical and experimental data generally agree quite well, 
except for the lowest fluence of 10 J/cm2 and the higher fluence of 70 J/cm2. In the 
first case, this discrepancy is most likely due to the fact that limited melt expulsion 
occurs at low fluence, which in turn would naturally result in simulated data 
overestimating the crater size, as is the case in Figure 4.4(a). This is also confirmed 
from the AFM topography displayed with Figure 4.4(b) where no splash or droplet 
4.3 Results and discussion 
77 
 
can be observed around the crater. Instead, a circular rim is visible on its edge 
which is caused by the hydrodynamic motion of the liquid phase. This motion is a 
consequence of the action from the vapour pressure on the melt and also, it results 
from the gradient in the surface temperature of the melt along the radial direction 
of the crater. In the second case, i.e. at the higher fluence of 70 J/cm2, the 
discrepancy between the simulated and measured data, especially for the depth, 
could be the result of the possible formation of plasma, which would attenuate the 
delivered energy from the incident laser beam. Overall, it can also be observed 
that the data plotted in this figure follow an increasing trend when the laser fluence 
is raised and then, the rate of this increase tends to reduce after 30 J/cm2 for the 
diameter and 40 J/cm2 for the depth. This reduction in energy efficiency occurs 
when the ablation process changes from a melt-dominated to a vaporisation-
dominated mechanism. This is also coupled with the possible initiation of plasma 
at the higher laser fluence values considered here. In addition to the discussion 
reported above regarding the discrepancies for the lowest and highest fluence data, 
it is also worth noting that between these two points, the predicted crater size is 
always a bit larger than the measured one. This may be due to a number of 
modelling assumptions, which have been made in this study. These include 1) the 
fact that the actual temporal beam shape of the fibre laser used is not Gaussian, 
2) the thermal conductivity value employed being that of Vitreloy 1 and 3) the effect 
of the recoil pressure and surface tension force not having been taken into account. 
Figure 4.4(c) and (d) show the AFM topography of single craters for the fluence 
values of 30 and 40 J/cm2, respectively. Figure 4.5 shows the corresponding 
section profile of a single crater corresponding to Figure 4.4(b), (c) and (d). The 
restricted range of motion for the AFM instrument utilised did not allow the scan to 
extend to areas where the droplets redeposited outside the crater. However, this 
was already observed in Figure 4.3 in the case of the 30 J/cm2 laser irradiation. In 
summary, given the single pulse data reported here and based on cost and 
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efficiency considerations for potential micromachining applications, laser 
irradiation with 220 ns pulse length at 30 J/cm2 was selected to conduct the 
subsequent multiple laser pulse operations. 
  
 
Figure 4.4: (a) Simulated and experimental crater diameter and depth as a function of 
the laser fluence for a pulse duration of 220 ns and AFM scans of a single crater 
generated with the laser fluence of (b) 10 J/cm2, (c) 30 J/cm2 and (d) 40 J/cm2. 
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Figure 4.5: Location of cross-sections and corresponding profiles of single craters 
generated with the laser fluence of (a, b) 10 J/cm2, (c, d) 30 J/cm2 and (e, f) 40 J/cm2. 
4.3.2 Multiple pulse study 
In this section, the effect of the scanning speed on the surface topography of 
individual machined tracks is investigated. Figure 4.6 shows secondary electron 
SEM micrographs of the Vitreloy 105 specimens with individual parallel tracks 
processed under a fixed laser fluence and pulse duration, i.e. 30 J/cm2 and 220 ns, 
but using different scanning speeds, namely 100, 200 and 300 mm/s. These 
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corresponded to a pulse overlap of 91.1%, 82.1% and 73.2%, respectively. In 
addition, Figure 4.7 shows the corresponding back-scattered electron micrographs 
from Figure 4.6. In all cases, it is observed that the area between the laser tracks 
is a region dense in liquid droplets made of re-solidified molten material ejected 
from the grooves. In Figure 4.6(b), 4.6(d) and 4.6(f), it can also be seen that pores 
are formed within the micro-grooves, particularly for the lower scanning speed. 
These are caused by the viscous nature of the molten material during solidification. 
The distance between two adjacent laser tracks was 90 µm, which is much larger 
than the diameter of a single crater. This distance of 90 µm was set to eliminate 
the effect of the track distance on the surface topography and thus, to analyse 
results based on single groove data and observations. Qualitatively, it can be seen 
from Figure 4.6 that protrusions on the edge of the grooves, caused by the re-
solidification of laser-induced molten material, are quite prominent for the lowest 
scanning speed of 100 mm/s (see Figure 4.6(a)). This results from the highest 
overlap between laser pulses, which in turn, increases the number of repeated 
cycles of melt expulsion for a given irradiated area along the track. This can be 
seen with the theoretical temperature data displayed in Figure 4.8, which reports 
the simulated successive heating and cooling cycles for a given point on the 
surface of the BMG specimen. In particular, this figure shows that a laser irradiated 
area always had enough time to fully solidify before the next incident laser pulse 
for the frequency used during this study, i.e. 35 kHz. 
Figure 4.9 shows the topography of the machined grooves for the different 
scanning speeds considered. For the lowest scanning speed of 100 mm/s, the 
average width of the protrusion was found to be 22.8 µm. With an increase in laser 
scanning speed to 300 mm/s, the width of the protrusions was found to decrease 
to 17.2 µm. The simulation results reported in Figure 4.8 also show that the 
temperature of the first irradiated site rises to 2300 K (Figure 4.8(c)), 2150 K 
(Figure 4.8(b)) and 1950 K (Figure 4.8(a)) upon the delivery of the second laser 
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pulse, for scanning speeds of 100 mm/s, 200 mm/s and 300 mm/s, respectively. 
Hence, with an increase of the scanning speed from 100 mm/s to 300 mm/s, the 
effect of a subsequent laser pulse is reduced with respect to the induced 
temperature rise. As a result, the amount of molten material ejected from the melt 
pool is also reduced. Consequently, the width of the protrusion also decreases with 
the increase in scanning speed. In addition, based on the data displayed in Figure 
4.9, the average width of the grooves was measured to be 29.4 µm, 29.4 µm and 
30.87 µm while the depth was 27.33 µm, 11.33 µm and 8.2 µm, for increasing 
values of scanning speed considered here. Moreover, it can also be observed 
qualitatively from the SEM micrographs that the depth decreases with the increase 
of scanning speed. Compared to a single pulse generated under the same laser 
fluence and pulse duration, the widths of the groove under different scanning 
speeds are a slightly smaller than that of the single pulse while their depth values 
are much larger. 
A number of comments can be made based on the observation of the back-
scattered electron SEM micrographs shown in Figure 4.7. In particular, a 
qualitative analysis can be made with respect to the presence of regions with 
darker contrast. Such contrast should be indicative of a lighter elemental 
composition and in the context of this study, this could provide clues about the 
presence of oxides given that the laser processing experiments were conducted in 
ambient air. Although the scope of this chapter is not concerned with the analysis 
of the effect of the laser processing on the resulting microstructure of the Vitreloy 
105 specimens, it is useful to keep in mind that the presence of oxygen impurities 
promotes the recrystallization of glassy alloys during solidification from the melt 
(Lin et al., 1997). From a purely qualitative comparison of Figure 4.7(c) and Figure 
4.7(e), there seems to be a slightly more pronounced contrast between the 
centreline of a groove and the protrusion at its edge when the scanning speed 
increases from 200 mm/s to 300 mm/s. This may suggest that a reduced scanning 
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speed could favour the introduction of oxide impurities. These possible phenomena 
would need further investigations but in theory, this would be in-line with the fact 
that a lower scanning speed leads to a higher density of heating cycles above the 
melt temperature for a given region as observed with the output from the thermal 
model reported with Figure 4.8. A closer examination of the surface of the grooves 
reveals that the darker regions are composed of cotton-like vapour particles. This 
observation is similar to data presented by Gasper et al. (2018). In particular, these 
authors reported that vapour nano-particles which were formed during laser 
powder bed fusion (LPBF) contained almost one-third of the element oxygen. This 
happened even when the process was conducted in a controlled environment with 
less than 0.1% oxygen. However, in contrast with this LPBF work, the re-solidified 
droplets observed in Figure 4.7 do not seem to exhibit any dark patches on their 
surfaces, which would reveal the formation of discrete oxide spots on the droplets 
themselves. This may be due to the fact that, the LPBF process is typically 
conducted either with a continuous wave laser or in the microsecond regime and 
thus, with a much larger pulse length than that used here. Interestingly, the re-
solidified droplets, which can be seen in Figure 4.7, are covered by such cotton-
like vapour particles regardless of the scanning speed utilised. 
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Figure 4.6: Secondary electron SEM micrograph on the surface of laser machined 
grooves for different scanning speed values of (a, b) 100 mm/s, (c, d) 200 mm/s and (e, f) 
300 mm/s. The figures (b), (d) and (f) are the corresponding enlarged views on selected 
regions of figures (a), (c) and (e). 
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Figure 4.7: Back-scattered electron micrographs on the surface of laser machined 
grooves for different scanning speed of (a, b) 100 mm/s, (c, d) 200 mm/s and (e, f) 300 
mm/s. The figures (b), (d) and (f) are the corresponding enlarged views on selected 
regions of figures (a), (c) and (e). 
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Figure 4.8: Simulated temperature evolution during multiple laser irradiation with different 
scanning speeds of (a) 300 mm/s, (b) 200 mm/s and (c) 100 mm/s. 
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Figure 4.9: 3D profiles and their corresponding section profiles of the groove generated 
with the scanning speed of (a, b) 100 mm/s, (c, d) 200 mm/s and (e, f) 300 mm/s. 
4.3.3 Machining efficiency 
A final set of experiments was conducted to investigate the effect of the track 
distance on the machining efficiency. The material removal rate (MRR), calculated 
with Equation 3.3, was used as an indicator of the machining efficiency. Pockets 
with dimensions 2.4 mm x 1.2 mm were milled with a 220 ns pulse and based on 
the results obtained in the previous sections, a fluence of 30 J/cm2 and a scanning 
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speed of 200 mm/s were selected. Given the pulse repetition frequency utilised, 
i.e. 35 kHz, this means that the overlap between two adjacent pulses along a track 
was 82% (with respect to the diameter of the laser spot size) and hence, that the 
specific distance between the centre of two consecutive pulses was 5.76 um (c.f. 
Equation 3.7). The total number of laser pulses, 𝑁𝑝𝑢𝑙𝑠𝑒𝑠, required to machine a 
single track was 411 (Equation 3.6). The required number of tracks, 𝑁𝑡𝑟𝑎𝑐𝑘𝑠, was 
calculated using Equation 3.5. MRR results against track distances values 
comprised between 5 µm and 15 µm are shown in Table 4.3 together with the 
measured depth achieved for one layer. Compared to the single line scan, the 
removed depth of the cavity is lower than that of the equivalent groove. This can 
be attributed to the fact that the protrusions created on the side of a single groove 
can lower the removing efficiency of the subsequent groove as these protrusions 
are not positioned at the focal point of the laser beam (Huang and Yan, 2017). The 
range of track distance values considered here corresponds to a track overlap 
comprised between 84.4% and 53.1%. It can be seen from Table. 4.3 that the 
removed depth decreases with the increase in track distance as one would expect, 
similarly to the observations made earlier in the case of varying pulse overlaps 
along a groove. Overall, with the increase in track distance, the removed depth 
reduces, which in turn lowers the removed volume of material for one layer, while 
at the same time, the processing time decreases which has the opposite effect on 
the MRR. In the experimental window reported in Table. 4.3, the MRR always 
increases with the increase of track distance. This means that the decrease of 
processing time dominates the evolution of the MRR. 
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Table 4.3: MRR values achieved as a function of the track distance. 
Track distance,  
Ds (µm) 
Percentage overlap 
between tracks 
Removed depth for 
one layer, d (µm) 
Total processing time, 
 tprocessing (ms) 
MRR (mg/s) 
5 84.4% 9.03 21.79 8.03 
7 78.1% 8.43 15.64 10.45 
10 68.8% 8.15 10.85 14.56 
12 62.5% 7.63 9.04 16.36 
15 53.1% 7.04 7.23 18.87 
4.4 Conclusions 
Given the potential biomedical application of laser processing for the manufacture 
of BMG micro-components, this study combined theoretical and experimental 
investigations in a micromachining context, i.e. when multiple and moving pulse 
irradiations are applied. In particular, a nanosecond pulsed fibre laser system was 
employed to process Vitreloy 105. The material response during single and 
multiple pulse processing was studied under different parameters both theoretically 
and experimentally when considering laser material interaction phenomena and 
the evolution of simulated temperature data.  
The output of the theoretical model showed a good agreement with the 
experimental results when analysing the dimensions of single craters. Besides, the 
simulated spatial temperature data could also be used to predict the width of the 
supercooled liquid region underneath the melt pool. Thus, the developed model 
was subsequently applied to multiple and moving pulses operations for interpreting 
experimental observations made about the effect of the scanning speed on micro-
groove size and topography. In this case, it was seen that for the pulse repetition 
frequency utilised, i.e. 35 kHz, the laser-irradiated area had ample time to solidify 
before the next incident laser pulse, regardless of the scanning speed value 
selected. Thus, the Vitreloy 105 substrate was always subjected to repeated cycles 
of heating and cooling from its solid state. Such thermal cycles result in non-
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standard conditions when considering crystal nucleation phenomena compared to 
the conventional synthesis of glassy alloys from the liquid state. In addition, the 
fact that vapour nano-particles were relatively easily formed under all scanning 
speeds should lead to increase the likelihood of oxygen impurities diffusing into the 
melt pool, which in turn, should affect the crystallisation kinetic. Finally, the effect 
of different track distances on the material removal rate was also investigated. It 
was found that the evolution of the material removal rate, for the fluence and pulse 
duration values identified, was dominated by the processing time rather than by 
variation in the volume of removed material. 
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Chapter 5 Laser texturing of the 
Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 bulk metallic 
glass for wettability modification 
 
5.1 Introduction 
The study presented in this chapter focuses on modifying the wettability of Vitreloy 
105 with LST and gaining more insights into the understanding of the associated 
driving mechanisms, which is important to promote such amorphous alloys in bio-
applications. The nanosecond fibre laser system was utilised to fabricate two types 
of surface structures, i.e. dimple and groove patterns. The topography of Vitreloy 
105 surfaces irradiated with different laser parameters were measured by the 3D 
non-contact surface profiler and scanning electron microscope. The corresponding 
surface wettability was evaluated via the surface contact angle measurement, 
surface free energy and work of adhesion calculation using the contact angle 
goniometer. Finally, the surface chemistry of the laser textured surfaces was also 
investigated, using EDX mapping and XPS elemental analysis to evaluate the role 
of both surface topography and chemistry in the laser-induced modification of 
surface wettability. 
5.2 Laser surface texturing: specific experimental plan 
In the previous chapter (Chapter 4), the effect of pulse duration on the surface 
topography was investigated and the results showed that longer pulses could 
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remove a larger volume of material in a given time period. Therefore, the pulse 
duration of 220 ns was chosen for the study reported in this chapter. Unlike the 
micromachining of cavities presented in Chapter 4, achieving higher accuracy and 
quality of surface patterns is the aim of the laser texturing process here. Hence, a 
lower machining frequency of 20 kHz was chosen. The selected fluence values 
ranged from 10 to 50 J/cm2. Two kinds of structures, i.e. dimples and grooves, 
were fabricated on the surface of the specimens via controlling the motion of the 
computer-controlled three-axis translation platform of the laser system. The 
scanning speed values considered, 𝑉, ranged between 100 and 300 mm/s. The 
lateral distance, 𝐴, between two subsequent laser pulses was determined and 
controlled via the scanning speed as follows: 
 𝐴 = 𝑉 𝑓⁄   (5.1) 
The longitudinal displacement, 𝐷𝑠, was directly set by the parameter track distance 
and ranged from 60 to 110 μm. Compared to the spot diameter of 32 μm, this 
interval was always large enough, to avoid the overlapping of two neighbouring 
lines of laser irradiation. A schematic explanation for the laser texturing of these 
two types of structures is shown in Figure 5.1. In the case of the dimple structure, 
the values of 𝐷𝑠 and 𝐴 were set to be equal.  
The parameters varied in the present study were fluence (𝐹), scanning speed (𝑉), 
track distance (𝐷𝑠) in order to explore their influence on the surface topography 
and wettability of the Vitreloy 105 samples. Surfaces areas of 2 × 2 mm were 
patterned with different laser parameters and scanning strategies. The detailed 
laser parameters used in this study are shown in Table 5.1.  
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Table 5.1: Laser parameters for the fabrication of dimple and groove patterns on the 
surface of Vitreloy 105 samples. 
Wavelength 
(nm) 
Spot 
diameter 
(μm) 
Pulse 
duration 
(ns) 
Frequency 
(kHz) 
Laser 
fluence 
(J/cm2) 
Scanning 
speed 
(mm/s) 
Track 
distance 
(μm) 
Surface 
patterns 
1064 32 220 20 
10 - 80 
Dimples 
30 - 80 
50 - 80 
30 - 60 
30 - 70 
30 - 90 
30 100 100 
Grooves 
30 200 100 
30 300 100 
30 200 80 
30 200 90 
30 200 110 
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(a)                  (b) 
Ds
End point
Start point
A
  
(c)                  (d) 
Figure 5.1: Schematic diagram of the laser surface texturing process for producing 
dimples and grooves on the Zr-based metallic glass surfaces. (a), (c) is the top view of 
the laser path for dimples and grooves, respectively. (b), (d) illustrates their 
corresponding sample surfaces after laser texturing. 
5.3 Results and discussion 
5.3.1 Surface topography analysis 
This section reports on the results obtained when the scanning electron 
microscope (SEM) and the non-contact three-dimensional surface profiler (using 
Start point
End point
DsA
Laser beam
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its confocal mode) were employed to characterize the surface topography variation 
of the Vitreloy 105 metallic glasses samples before and after laser texturing.  
1. Effect of the type of laser-inscribed patterns on the surface topography 
SEM micrographs and their corresponding 3D surface profiles of the laser textured 
surfaces are presented in Figure 5.2 and Figure 5.3, to display the typical 
topography generated on the surface of the Vitreloy 105 samples for the two types 
of microscale patterns considered, i.e. dimple and groove. The patterns presented 
in Figure 5.2 and Figure 5.3 were obtained with the same average fluence of 30 
J/cm2. To achieve the dimple pattern shown in Figure 5.2, the distance between 
two adjacent craters was set to be 80 μm as this resulted in the formation of single 
craters. The average diameter and depth of the single craters were 32.23 μm and 
2.44 μm, respectively. It can be clearly noted that the Vitreloy 105 surfaces 
experienced heating, melting, vaporisation as well as material ejection and 
redeposition as can be seen with the occurrence of resolidified droplets on the 
sample surface. Compared to the roughness for the as-cast samples which was 
Sa= 0.065 μm, the roughness of the dimple sample surface was measured to be 
Sa= 0.17 μm. The pulse overlap value used to generate a groove shown in Figure 
5.3 was 84%. This corresponded to a scanning speed of 100 mm/s. The track 
distance was set at 100 μm for this particular example. The average width and 
depth of the laser-ablated grooves were measured to be about 25.1 μm and 27.1 
μm, respectively. Compared to the diameter of craters on the dimple patterned 
surface, the width of the grooves was a little bit smaller but the depth was increased 
significantly. This is due to the accumulation of single material removal events over 
a given area as a result of the overlap between two successive laser pulses. When 
comparing two grooves, a higher overlap means that the number of repeated 
cycles of melt ejection for a given length of the machined track is increased. In 
addition, compared to the dimple pattern, Figure 5.3 shows a higher occurrence of 
fully ejected and resolidified droplets around the grooves. The roughness of the 
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groove surface was characterised to be Sa= 8.51 μm, which is much higher than 
that of the dimple textured (0.17 μm) and of the as-cast samples (0.065 μm), as 
expected. Therefore, surfaces with the groove patterns display more significant 
changes in terms of surface topography among these two textured structures 
under the same laser fluence. 
   
(a)          (b) 
   
(c)                          (d) 
Figure 5.2: Dimple patterns. (a) General view; (b) Enlarged view of (a); (c) 3D profile of a 
typical dimple; (d) cross-section profile of the dimple. 
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(a)                           (b) 
   
(c)                           (d) 
Figure 5.3: Groove patterns. (a) General view; (b) Enlarged view of (a); (c) 3D profile of 
the groove structure; (d) Cross-section profile of groove tracks. 
2. Effect of the parameter “distance” on the surface topography 
Yang et al. (2016) reported that the decrease in distance between grooves can 
lead to more distinct changes of surface topography, hence affecting the wettability. 
In the study reported in this chapter, it has to be clarified that the values of the track 
distance (𝐷𝑠) and lateral displacement (𝐴) in the case of the dimple pattern have 
been set to be equal and is henceforth referred to as “distance”. The distance 
values were set to be 60, 70, 80, 90 μm for the dimple patterns and 80, 90, 100, 
110 μm for the groove patterns. The surface roughness (Sa) of all the samples after 
laser surface texturing was measured and shown in Table 5.2. It can be seen from 
this table that the surface roughness for the groove pattern decreases with the 
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increase of distance and that this trend also generally applied for the dimpled 
surfaces. 
The SEM images of the specimens treated under the same laser fluence of 30 
J/cm2 and the same scanning speed of 200 mm/s (for the groove patterns) but with 
different values of the parameter “distance” are shown in Figure 5.4 and Figure 5.5. 
For a small distance on the dimple-patterned surface, the craters are located next 
to each other and there is a very limited area of flat (i.e. unprocessed) surface 
between two neighbouring craters. With the increase of the distance, such virgin 
area became more visible on the sample surface. The increase in the proportion 
of the flat area on the sample surface results in the natural decrease in the value 
of Sa. Therefore, such variation in the proportion of the area not irradiated by the 
laser is the main reason that leads to the surface roughness variation for different 
values of the parameter “distance”. Given the fixed scanning speed associated with 
the results shown in Table 5.2, this explanation is also applicable to the surface 
roughness evolution of the groove patterned samples. In particular, an increase in 
the parameter “distance” also led to a reduction in surface roughness. 
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Table 5.2: The surface roughness of patterned samples with different values for the 
parameter “distance”. 
Distance (μm) 
Sa (μm) 
Dimple pattern Groove pattern 
60 0.62 ± 0.06 - 
70 0.23 ± 0.05 - 
80 0.17 ± 0.03 3.79 ± 0.22 
90 0.21±0.06 3.24 ± 0.08 
100 - 3.00 ± 0.13 
110 - 2.89 ± 0.17 
as-cast 0.065 ± 0.01 
Note: the scanning speed used for all groove pattern results presented in this table was 
200 mm/s. The errors reported correspond to one standard deviation. 
   
(a)           (b) 
   
(c)           (d) 
Figure 5.4: SEM micrographs of the groove-textured surface with the parameter 
“distance” set at (a) 60 μm, (b) 70 μm, (c) 80 μm, (d) 90 μm. 
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(a)         (b) 
   
(c)         (d) 
Figure 5.5: SEM micrographs of the groove-textured surface with the parameter 
“distance” set at (a) 80 μm, (b) 90 μm, (c) 100 μm, (d) 110 μm. 
3. Effect of laser scanning speed on the surface topography of groove 
patterns 
Figure 5.6 shows the SEM micrographs of the groove pattern generated using fixed 
values for the laser fluence, pulse duration and track distance, i.e. 30 J/cm2, 220 
ns, and 100 µm, but using various laser scanning speed, namely 100, 200 and 300 
mm/s, which affects the pulse overlap. From this figure, it can be seen that the 
variation of the scanning speed changes the surface topography of the groove 
patterns significantly, which is a result of the different number of pulses delivered 
per unit length of the groove. More specifically, a higher number of laser pulses 
per unit length leads to more events of the molten material ejection, as is evident 
5.3 Results and discussion 
100 
 
from the qualitative observation of the density of redeposited material around the 
grooves in Figure 5.6. It was reported in the previous chapter that with an increase 
of the scanning speed from 100 mm/s to 300 mm/s, the temperature of the first 
irradiated site induced by the second laser pulse was decreased from 2300 K to 
1950 K. As a result, the amount of molten material ejected from the formation of a 
second melt pool at that particular site is reduced. In addition, with a lower scanning 
speed, the bottom of the grooves presents a more distinct hierarchical structure, 
which can increase the effective surface area and hence improving wettability 
(Huang et al., 2016). Further, as shown in the inset of Fig. 5.6, the average width 
and depth of the grooves were measured to be 25.1 μm, 28.6 μm and 26.5 μm 
while the depth was 27.1 μm, 10.2 μm and 5.6 μm with the scanning speed 
increasing from 100 to 300 mm/s. Moreover, the roughness (Sa) was also greatly 
decreased from 8.51 μm to 1.91 μm with an increase of scanning speed. The 
detailed measured dimensions of the grooves and their corresponding roughness 
values are summarised in Table 5.3. Overall Figure 5.6 and Table 5.3 indicate that 
laser scanning speed has an important influence on the surface topography and 
surface roughness of the generated groove pattern. Therefore, selecting a suitable 
value of scanning speed should be critical in fabricating such patterns with a view 
of achieving optimal wetting property on the Vitreloy 105 amorphous alloy. 
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(a)          (b) 
  
(c)          (d) 
  
(e)         (f) 
Figure 5.6: SEM micrographs of surface groove structures generated with various laser 
scanning speed: (a, b) 100 mm/s, (c, d) 200 mm/s and (e, f) 300 mm/s. The figures (b), 
(d) and (f) are the corresponding 3D topography and sectional profile of figures (a), (c) 
and (e). 
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Table 5.3: Dimensional and roughness data of surface structures created by various laser 
scanning speeds for the groove pattern. 
Laser scanning speed 
(mm/s) 
Groove width (μm) Groove depth (μm) Roughness Sa (μm) 
100 25.1 ± 3.73 27.1 ± 1.11 8.51 ± 0.51 
200 28.6 ± 3.79 10.2 ± 0.21 3.00 ± 0.13 
300 26.5 ± 0.53 5.6 ± 0.10 1.91 ± 0.29 
Note: the errors reported correspond to one standard deviation. 
4. Effect of laser fluence on the surface topography of dimple patterns 
As mentioned in the previous section, laser fluence should be an important factor 
in the resulting surface topography and roughness of samples with the dimple 
structures. SEM images, 2D cross-section profiles and measured surface data of 
such laser textured structures are shown in Figure 5.7 and Table 5.4, respectively. 
It can be seen from Figure 5.7 that when the laser fluence was 10 J/cm2, the density 
of material redeposited on the edges of the craters was low and the craters were 
much shallower in comparison to higher laser fluence values. Thus, such laser 
fluence value leads to only slight changes in surface topography compared to the 
as-cast material. This is confirmed quantitatively by the surface roughness data 
reported in Table 5.4 and Figure 5.7(b). With the increase in the laser fluence, the 
diameter and depth of the craters became larger. However, the rate of increase in 
diameter with laser fluence is not linear and reached a plateau around 30 J/cm2. 
This was discussed in the previous chapter and attributed to the ablation process 
mechanism transitioning from melting-dominated to vaporisation-dominated. 
When the laser fluence reached 50 J/cm2, Figure 5.7(e) shows that a large volume 
of molten material splashed and re-solidified around the craters. This resulted in a 
much rougher surface compared to the other two fluence values considered. As 
expected, laser fluence has an important impact on the surface topography and 
roughness of the dimple textured surfaces. Thus, for fabricating dimple patterns 
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with desired wetting property, the laser fluence should be carefully considered as 
well. 
   
(a)          (b) 
   
(c)         (d) 
   
(e)         (f) 
Figure 5.7: SEM images of dimple structures with various laser fluence: (a) 10 J/cm2, (c) 
30 J/cm2, (e) 50 J/cm2 and their corresponding surface roughness (b)(d)(f). 
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Table 5.4: Dimensional and roughness data of dimple pattern structures created by 
various laser fluence values. 
Laser fluence (J/cm2) Crater diameter (μm) Crater depth (μm) Roughness Sa (μm) 
10 11.84 ± 0.61 0.08 ± 0.01 0.07 ± 0.02 
30 32.23 ± 2.16 2.44 ± 0.41 0.17 ± 0.03 
50 33.08 ± 1.99 4.44 ± 0.61 0.41 ± 0.06 
As-cast - - 0.065 ± 0.01 
Note: the errors reported correspond to one standard deviation. 
5.3.2 Analysis of surface wettability 
Cell attachment was reported to be particularly related to wettability and surface 
free energy, which are characteristics linked to surface roughness and chemical 
composition (Boyan et al., 1996; Chrzanowski et al., 2008; Ochsenbein et al., 
2008). For instance, Ochsenbein et al. (2008) showed that cell adhesion could be 
enhanced via higher hydrophilicity and surface free energy. As discussed earlier, 
the literature also reports that laser surface texturing could be employed to modify 
the hydrophilicity and surface free energy of orthopaedic crystalline titanium alloys 
by tuning the topography of textured patterns on sample surfaces (Pfleging et al., 
2015). In this section, the sessile drop method was used to assess surface 
wettability characteristics (i.e. contact angle, surface free energy and work of 
adhesion) of the Vitreloy 105 samples before and after laser surface texturing. 
1. Contact angle 
The measured contact angle values before and after laser surface texturing are 
presented in Figure 5.8. As a reference, the SCA of the polished sample wetted 
with the two liquids utilised (i.e. DD water and ethylene glycol) are also given (i.e. 
35.17° and 19.94°, respectively). These are smaller than the Berg limit (θ< 65°) 
(Vogler, 1998), which means that the polished as-cast sample is originally 
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hydrophilic. Following irradiation with the nanosecond laser, all surfaces with 
dimple and groove patterns remained hydrophilic, as evidenced by the measured 
SCA values shown in Figure 5.8, Table 5.5 and Table 5.6. The measurements also 
reveal that the SCA of the samples with the dimple patterns tended to be larger 
than that of the as-cast sample overall, while the SCA of the samples with the 
groove patterns were generally smaller than that of the as-cast sample for the 
processing conditions considered in this study. This implies that the hydrophilicity 
of the Vitreloy 105 surface was generally weakened when laser texturing the 
dimple structures but generally strengthened when laser texturing the groove 
patterns. This observed enhanced hydrophilicity of the groove patterned samples, 
compared to the as-cast, pristine, surfaces, is consistent with their significantly 
higher surface roughness. This result is also in-line with other reports in the 
literature in which laser surface texturing of metallic specimens was also studied 
(Bizi-Bandoki et al., 2013; Pfleging et al., 2015). However, compared to the as-cast 
sample, a weakened hydrophilicity is observed on the dimple patterned surfaces 
despite the increased surface roughness. Thus, the influence of the type of 
patterns on the wettability is observed in this study, as expected from literature 
findings reported in Chapter 2 (Bizi-Bandoki et al., 2013; Pfleging et al., 2015), it is 
not possible to consider the variation of the surface roughness alone to draw 
definitive conclusions about the evolution of the hydrophilicity of a surface. 
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(a)                        (b)  
    
   (c)                    (d)  
Figure 5.8: Static contact angle measurements of Vitreloy 105 metallic glass specimens 
before and after laser surface texturing (a) DD water on specimens treated with different 
values for the parameter “distance” (b) Ethylene glycol on specimens treated with 
different values for the parameter “distance” (c) DD water and ethylene glycol on the 
dimple patterns treated with different fluence values (d) DD water and ethylene glycol on 
the groove patterns treated with different scanning speeds. 
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Table 5.5: Static contact angle for the Vitreloy 105 metallic glass with dimple patterns 
before and after laser surface texturing. 
 Distilled-deionized water Ethylene glycol 
Scanning 
speed 
60 70 80 90 60 70 80 90 
10 J/cm2 - - 75.19° - - - 21.88° - 
30 J/cm2 59.36° 25.01° 58.19° 58.13 8.31° 33.87° 16.6° 34.13 
50 J/cm2 - - 44.25° - - - 33.91° - 
As-cast 35.17° 19.94° 
 
Table 5.6: Static contact angle for the Vitreloy 105 metallic glass with groove patterns 
before and after laser surface texturing. 
 Distilled-deionized water Ethylene glycol 
Scanning 
speed 
80 90 100 110 80 90 100 110 
100 mm/s - - 10.2° - - - 8.4° - 
200 mm/s 30.39° 15.63° 13.31° 21.3° 14.02° 12.25° 14.79° 20.96° 
300 mm/s - - 19.57° - - - 15.42° - 
As-cast 35.17° 19.94° 
 
Figure 5.8 (a) and (b) depict the static contact angle of DD water and ethylene 
glycol as a function of the parameter “distance”. Unlike the evolution in surface 
roughness variation as a function of this parameter, there is no specific trend for 
the change in SCA values for the two types of surface patterns wetted by both 
liquids with the increase of the distance. In addition, the effect of laser fluence on 
the SCA of the samples with the dimple patterns is shown in Figure 5.8(c). This 
particular plot reveals that the contact angle decreases with the increase of the 
laser fluence when the surface was wetted by DD water. This indicates that the 
increase in laser fluence could enhance the hydrophilicity of the dimple patterns. 
Nevertheless, all SCA values for such patterns were found to still be higher than 
that of the as-cast sample surface. Figure 5.8(d) presents the SCA measurements 
of the metallic glass specimens textured with groove patterns as a function of the 
laser scanning speed. In this case, it is observed that a lower scanning speed can 
5.3 Results and discussion 
108 
 
enhance the surface hydrophilicity of the Vitreloy 105 specimens when assessed 
using both types of liquid. Representative images for the water contact angle of 
Vitreloy 105 metallic glass surface with different surface patterns and processed 
by different laser parameters are also provided in Figure 5.9.  
 
Figure 5.9: Representative images for the water contact angle of Vitreloy 105 metallic 
glass surface with different surface patterns and processed by different laser parameters 
(a) as-cast; (b) DT surface with 10 J/cm2; (c) DT surface with 30 J/cm2; (d) DT surface 
with 50 J/cm2; (e) GT surface with 100 mm/s; (f) GT surface with 200 mm/s; (g) GT 
surface with 300 mm/s; Note: DT-dimple texture and GT-groove texture. 
 
According to the Wenzel model (Wenzel, 1936), the wetting behaviour of a surface 
can be enhanced with increased roughness as the contact angle 𝜃𝑤 obeys the 
following equation: 
cos 𝜃𝑤 = 𝑟 cos 𝜃               (5.2) 
where 𝑟 is the surface roughness parameter, 𝜃 is the contact angle for a flat 
surface and is determined by the initial surface properties of the target material. 
It can be deduced from Equation 5.2 that a hydrophilic surface becomes more 
hydrophilic with the increase of roughness while an initially hydrophobic surface 
evolves as more hydrophobic with a higher roughness. The topography analysis 
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reported earlier in section 5.3.1 showed that the surface roughness of all the 
groove textured samples was larger than that of the dimpled textured and as-cast 
samples. Besides, since the as-cast polished Vitreloy 105 surface was originally 
hydrophilic, the Wenzel model can be used to explain how the textured surface 
becomes more hydrophilic when fabricating the groove patterns with a lower 
scanning speed. However, for the dimple textures, the surface roughness of all the 
samples was also higher than that of the as-cast. However, the SCA values 
measured became larger. In this case, the Wenzel model (Wenzel, 1936) or the 
Cassie-Baxter model (Cassie and Baxter, 1944) cannot explain this observation. 
As reported in Chapter 2, surface wettability not only depends on the surface 
topography but also on the surface chemistry properties. Thus, the influence of the 
surface chemical composition change induced by laser processing may be a likely 
reason to explain why the dimple structures resulted in a weakened hydrophilicity 
despite the increased roughness from that of the as-cast samples. Therefore, the 
underlying mechanism of wettability modification for the laser textured Zr-based 
amorphous alloy will be discussed from a surface chemistry perspective in a later 
section (i.e. section 5.3.3). 
Finally, it can also be said that the contact angle measurements results presented 
here are consistent with those of Yang et al. (2017), Pfleging et al. (2015) and 
Kumari et al. (2015) who also investigated the effect of laser texturing on the 
surface wettability of metallic substrates. In particular, these authors observed that 
groove textured patterns could significantly enhance the hydrophilicity of the 
processed surface and also, that such groove patterned surfaces were more 
beneficial for cell viability and attachment when compared with dimple-patterned 
surfaces. From the results presented here, it is also clear that the generation of a 
groove textured surface is a suitable approach to enhance the hydrophilicity of the 
Vitreloy 105 metallic glasses. 
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2. Surface free energy 
In this section, the surface free energy of the Vitreloy 105 samples is explored as 
a function of the textured pattern. It has to be mentioned that the influence of the 
parameter “distance” on the surface free energy and work of adhesion is not 
presented due to the fact that no specific dependence had been observed earlier 
between this parameter and the contact angle (Figure 5.8(a) and Figure 5.8(b)). 
Figure 5.10 and Table 5.7 show the variation of the total, dispersive and polar 
surface free energy of as-cast and laser textured surfaces. From this figure, it 
should be noted that the total surface free energy of the laser textured surfaces 
varies significantly from 46.07 to 125.74 mN/m as compared to that of the as-cast 
specimens (81.04 mN/m). A more detailed observation reveals that the total 
surface energy of the textures with dimples is always lower than that of the as-cast 
specimen, although it is noted that this is marginally true in the case of the smallest 
fluence value considered. For the surfaces with the groove patterns, the total 
surface energy is always clearly higher than that of the as-cast specimen. 
Furthermore, the polar component of the surface energy is consistently the much 
higher contributor for the groove patterns while it is the dispersive component of 
the surface energy which the more significant contributor for the dimple patterns. 
Unlike the monotonous relationship of the SCA with the laser fluence or scanning 
speed, there is no linear trend between surface free energy and these two 
parameters in the processing window considered here. 
The surface free energy of materials is influenced by several surface 
characteristics including its chemical composition, charge and topography 
(Andrade et al., 1985). At the same time, high surface energy and enhanced 
wettability can promote the interaction between the surface of an implant and the 
physiological environment, cell spreading and cell attachment (Baier et al., 1984; 
Schrader, 1981; Schwarz et al., 2009). In fact, Hallab et al. (2001) also reported 
that the surface free energy plays a more important role in inducing cell attachment 
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and proliferation than surface roughness. The polar component of surface energy 
has a significant effect on wettability because polar molecules can interact with the 
dipole force and hydrogen bonds, which is beneficial for the enhancement of 
wettability (Hallab et al., 2001; Sarapirom et al., 2013). In combination with the 
contact angle measurements reported in the previous section, it can be concluded 
that the high polar surface energy of surfaces with groove patterns contributes to 
their enhanced hydrophilicity. Hallab et al. (2001) also indicated that the cellular 
adhesion strength has a strong positive relationship with the total surface energy 
and the polar component. On the contrary, a lower level of correlation was found 
between the dispersive component and the adhesion strength. In summary, it can 
be concluded from the presented results that groove patterns provide a higher 
surface free energy. In turns, this could be beneficial for enhancing cell attachment 
on laser textured Vitreloy 105 surfaces. 
  
(a)                (b)  
Figure 5.10: The variation of the total, dispersive and polar surface free energy of as-cast 
and laser textured surface with groove and dimple patterns. 
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Table 5.7: Surface free energy and its components of as-cast and laser textured surface 
with groove and dimple patterns. 
Surface free energy 
(mN/m) 
Dimple pattern Groove pattern 
As-
cast 
10 
J/cm2 
30 
J/cm2 
50 
J/cm2 
100 mm/s 200 mm/s 
300 
mm/s 
Total 79.58 46.07 51.1 124.22 125.74 114.93 81.04 
Dispersive component 79.58 29.39 48.09 0.57 0.83 0.25 0.93 
Polar component 0 16.68 3.01 123.65 124.91 114.68 80.11 
 
3. Work of adhesion 
The evaluation of the work of adhesion (𝑊𝑎) for as-cast and laser textured Vitreloy 
105 specimens wetted by two liquids (distilled-deionized water and ethylene glycol) 
is shown in Figure 5.11 and Table 5.8. The work of adhesion for the as-cast 
specimen was 136.84 and 88.41 mN/m when wetted by DD water and ethylene 
glycol, respectively. It should be noted that the work of adhesion for the samples 
textured with groove patterns is always higher than that of the as-cast specimens 
for both liquids. In contrast, the work of adhesion for the surfaces textured with 
dimple patterns is lower than the as-cast ones, for the DD water while it is either 
equal or only slightly higher for the ethylene glycol. These results are generally 
consistent with the surface free energy and water contact angle measurements. 
However, no particular trend can be identified between 𝑊𝑎  and the scanning 
speed for the groove patterns or between 𝑊𝑎 and the laser fluence for the dimpled 
surfaces. 
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        (a)                     (b)  
Figure 5.11: Work of adhesion for as-cast and laser textured surface with dimple and 
groove patterns. 
 
Table 5.8: Work of adhesion for distilled-deionized water and ethylene glycol on the as-
cast and laser textured specimens. 
Work of adhesion 
(mN/m) 
Dimple pattern Groove pattern 
As-
cast 
10 
J/cm2 
30 
J/cm2 
50 
J/cm2 
100 mm/s 200 mm/s 
300 
mm/s 
DD water 83.30 108.96 89.53 165.87 168.14 157.62 136.84 
ethylene glycol 96.07 93.99 89.81 105.21 107.25 98.74 88.41 
5.3.3 Surface chemistry 
Laser surface texturing can introduce changes in the surface chemical composition 
through the partial vaporisation of material, diffusion of specific alloying elements 
or reaction with the environment, principally oxidation (Fasasi et al., 2009). In order 
to explore the effect of laser surface texturing on the variation of the surface 
chemical composition of the metallic glass samples, and to further correlate the 
surface chemistry with the wettability results, the surfaces of the laser textured 
samples were analysed using energy dispersive X-ray detector (EDX) mapping 
and X-ray photoelectron spectroscopy (XPS). In this section, the dimple-textured 
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and groove-textured BMG samples considered for the surface chemistry analysis 
were treated with the same laser fluence of 30 J/cm2 and also the same parameter 
“distance” of 90 μm for the dimple texture and groove texture. In addition, the 
scanning speed for the groove-textured sample was set at 200 mm/s. The EDX 
data obtained to assess the distribution of Zr, Cu, Ni, Al, O, and C for the as-cast, 
dimple, and groove textured samples are shown in Figure 5.12. Given that the 
content of Ti is the lowest among all the elements contained in the composition of 
Vitreloy 105 and its presence was difficult to detect as a result, data for Ti are not 
presented here. It can be seen from this figure that the Zr, Cu, Ni, Al, O, and C 
elements are uniformly distributed on the as-cast specimen. For the dimple 
textured sample, the elements Ni, Al, C, and O are uniformly distributed on the 
irradiated surfaces, while some small areas corresponding to the rims of the single 
craters may suggest a reduction of the Zr and Cu elements distribution. However, 
this may be an artefact resulting from the topography of the laser-induced 
protrusions. This observation is also applicable to the elemental distribution of the 
groove patterned samples as the location of the black areas shows a good match 
with the protrusions of the grooves. Given that the EDX mapping is mainly a 
qualitative analysis technique and could not provide specific conclusions about the 
evolution of the surface chemistry following laser processing, a more precise 
chemical element analysis, XPS, was employed to investigate the chemical 
changes of the laser surface textured Vitreloy 105 specimens in a more quantitative 
manner. 
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Figure 5.12: SEM/EDX element mappings of as-cast (a-g), dimple textured (h-n) and 
groove textured (o-u) laser irradiated surfaces. (a), (h) and (o) are SEM images depicting 
the corresponding analysed regions; (b-u) are the EDX maps showing the qualitative 
elemental distributions of Zr, Cu, Ni, Al, O, and C. 
 
The XPS full spectra and the detailed atomic elemental composition of all the 
samples (as-cast, dimple-textured and groove-textured specimens) are shown in 
Figure 5.13. For the non-processed surfaces, the main elements detected were 
carbon (58.89 %) and oxygen (28.58 %), which is ascribed to the contamination 
and oxidation of the surface by water molecules and other contaminants from the 
atmosphere. In addition to the C 1s and O 1s peaks, the as-cast sample shows 
small peaks on the Al 2p and Zr 3d region. The non-processed surface also 
contained negligible amounts of Ti, Cu, and Ni elements. 
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  (a)                          (b)  
 
(c) 
Figure 5.13: XPS full spectra of Vitreloy 105 metallic glass before and after laser surface 
texturing: (a) as-cast; (b) dimple-textured specimen; (c) groove-textured specimen. 
 
The detailed atomic elemental composition of the Vitreloy 105 samples without and 
with textured patterns is shown in the inset of the corresponding XPS spectra in 
Figure 5.13. These data indicate a decrease in the percentage of zirconium 
concentration on the Vitreloy 105 surfaces after laser texturing compared to the 
as-cast one, which may be attributed to material vaporisation during laser 
irradiation. In comparison, the contents of Al remained relatively stable. 
Furthermore, while the as-cast specimen exhibited a carbon content of 58.89 %, 
this was increased to 72.87 % and 75.46 % after laser surface texturing for the 
dimple and groove-textured surfaces, respectively, which implies that more 
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hydrocarbons were introduced on the sample surface as a result of laser 
processing. In contrast, the oxygen content decreased from 28.58% for as-cast to 
18.23 % and 17.12 % for the dimple and groove-textured surfaces, respectively, 
suggesting the removal of metal oxide from the surface. Additionally, due to 
oxidation and contamination, all samples exhibited a rather low concentration of Ti, 
Cu, and Ni on their surfaces. It was reported by Bizi-Bandoki et al. (2013) that new 
functional chemical groups, such as non-polar carbon groups (–CH3 and graphitic 
carbon), can be introduced by laser surface texturing on the sample surface. These 
two carbon groups could make the sample surface more hydrophobic. This 
indicates that the laser-induced change in the carbon content and type may be an 
important contributor to the evolution of the wettability following laser processing. 
Kietzig et al. (2009) also proposed a chemical evolution of the non-polar carbon for 
the explanation of weakened hydrophilicity following the femtosecond laser 
irradiation of different metallic alloys. For this reason, a higher resolution XPS 
spectra of carbon was also performed on the laser textured Vitreloy 105 surfaces. 
These high-resolution XPS spectra for the C1s regions are shown in Figure 5.14. 
It can be seen from Figure 5.14 (a) that the as-cast sample shows three different 
carbon bonding environments: carbon-carbon (C-C) bonds or hydrocarbons 
species (C-H) at 284.8 eV, carbonyl bonds (C=O) at 288.6 eV and carboxyl species 
(O=C-O) at 292.8 eV. After laser texturing, the C-C/C-H peak was reduced, 
particularly in the case of the dimple pattern. Huerta-Murillo et al. (2019) attributed 
this to the removal of surface contaminants during the laser ablation process. 
Additionally, the intensity of the C=O component was also reduced, again more 
significantly for the dimple pattern, while the intensity of the O=C-O component 
was reduced to a near-negligible level for both types of patterns. It is reported in 
the literature that the carbonyl bonds (C=O) and O=C-O species are all polar 
molecules, which can enhance the hydrophilicity of a surface due to the polarity of 
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the water molecules, whereas C-C/C-H bonds are non-polar and can lead to a 
hydrophobic effect on the surface (Huerta-Murillo et al., 2019). 
Based on the reported data, it can reasonably be inferred that the wettability of the 
three types of surface considered in this study, i.e. as-cast, dimple-textured and 
groove-textured surface, results from the combined effects of laser irradiation on 
the achieved surface roughness enhancement and chemical modification. More 
specifically, for the as-cast samples, given that the surface roughness was only 
0.065 µm, its contribution to the initial hydrophilicity may be neglected. In this case, 
the hydrophilic property of the as-cast sample should mainly result from the 
presence of polar carbonyl bonds (C=O) and carboxyl species (O=C-O). For the 
dimple-textured sample, the surface roughness was measured to be 0.21 μm. 
Considering that this is higher than that of the as-cast specimen, based on the 
Wenzel model, it could be expected that the hydrophilicity may be enhanced. 
However, given that the opposite was observed, i.e. a weakened hydrophilicity for 
the dimple patterns, it can be said that the influence of the surface roughness 
modification should play a relatively less important role as a contributor to the 
hydrophilicity compared to the influence of surface chemistry variations. In fact, 
after laser dimple texturing, the intensity of the hydrophilic carbonyl bonds (C=O) 
and carboxyl species (O=C-O) were significantly reduced as observed in Figure 
5.14. The intensity of the hydrophobic C-C/C-H bonds was also reduced. For this 
reason, it is proposed that the likelihood explanation for the weakened 
hydrophilicity of the dimple-textured samples is the significantly reduced content of 
the hydrophilic (C=O) and (O=C-O) bonds. Finally, in the case of the groove 
textured samples, the surface roughness was measured to be 3.24 μm. This is 50 
times higher than that of the as-cast samples. Thus, although the hydrophilic 
carbonyl bonds (C=O) and carboxyl species (O=C-O) were reduced after groove 
texturing, in this case, it is the much higher surface roughness that should be the 
dominant factor in the hydrophilicity enhancement of the groove-textured samples.  
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(a)                          (b)  
 
(c) 
Figure 5.14: High-resolution spectra from the C1s regions on the Vitreloy 105 metallic 
glass with and without laser surface texturing: (a) as-cast; (b) dimple-textured surface; (c) 
groove-textured surface. 
5.4 Conclusions 
Nanosecond-pulsed laser surface texturing was employed in this chapter to 
fabricate two types of surface patterns, i.e. dimples and grooves, on Vitreloy 105. 
These surface patterns were fabricated with the aim to investigate whether they 
could improve the surface wettability of the as-cast Vitreloy 105 material and hence, 
enhance the potential of this particular BMG alloy to be considered for biomedical 
applications. The surface topography and roughness of samples laser irradiated 
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with different process parameters when machining the considered patterns were 
studied and compared. The static contact angle was measured, and the surface 
free energy was assessed for all samples. Comparisons of surface chemical 
composition before and after laser texturing were also made via EDX mapping and 
XPS analysis in an attempt to explain how such laser-induced variations could 
contribute to the wettability modification mechanism. 
The obtained results confirm the existing literature that surface wettability can be 
modified intentionally by laser texturing depending of the generated surface 
patterns and selected process parameters. In line with former reports where laser 
texturing was applied to other type of metallic materials, it was found that the 
groove patterns induced higher roughness on the sample surface compared to the 
dimple patterns. In the processing window considered in this chapter, the effect of 
distance between two consecutive grooves or craters on the surface roughness of 
groove patterned or dimple patterned surface could be neglected. However, the 
scanning speed had an important influence on the surface roughness of the groove 
textured sample, while the laser fluence also affected the dimple textured surface 
roughness significantly. An important conclusion from the result is that the surface 
hydrophilicity of the as-cast Vitreloy 105 surface could be enhanced by laser 
texturing of groove patterns. Based on the outcome of the surface topography and 
chemistry analyses, this increased hydrophilicity could be attributed to the 
dominant role that a much higher roughness plays for such patterns. In contrast, 
the hydrophilicity of the as-cast surface was generally deteriorated with the laser 
texturing of dimple patterns. This result was attributed to the more dominant role 
that surface chemistry modification plays in this case and in particular, to the 
reduction of the hydrophilic carbonyl bonds (C=O) and carboxyl species (O=C-O). 
An important outcome of the work presented is that it indicates the possible 
potential of Vitreloy 105 to be employed in applications for orthopaedic implants 
when used in combination with laser surface texturing to generate groove patterns 
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on the implant surface. Complementary investigations on cell viability and 
attachment by in vitro cell culture on such patterns are presented in the following 
chapter. 
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Chapter 6 Laser texturing of the 
Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 bulk metallic 
glass for in-vitro bio-compatibility 
modification 
 
6.1 Introduction 
This chapter aims to investigate the feasibility of using nanosecond laser surface 
texturing as a method to modify the in-vitro bio-compatibility of Vitreloy 105. The 
available fibre laser system was employed to fabricate dimpled and grooved 
textures on the surface of the Zr-based BMG pulse duration of 220 ns. The 
resulting surface topography, chemical composition and wettability were evaluated 
for these different patterns via non-contact three-dimensional confocal microscopy, 
scanning electron microscopy, X-ray photoelectron spectrometry and contact 
angle measurements. The cellular response of osteoblast-like MG63 cells on as-
cast and laser textured surfaces was investigated via cell viability, cell attachment 
and cell morphology assays. The underlying mechanism associated with laser 
surface texturing which affected the in-vitro bio-compatibility of Vitreloy 105 was 
discussed based on the changes to surface chemistry, wettability and surface 
roughness. 
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6.2 Experimental procedures 
6.2.1 Sample preparation 
The sample preparation method implemented for the bio-compatibility tests was 
slightly different from that employed in other chapters. Thus, specific details are 
described here. In particular, the cylindrical rods (3 mm in diameter and 3 mm in 
length) for cellular behaviour studies were manually grinded transverse to the long 
axis using coarse abrasive paper (180 grit) and then polished with 1200 and 2000 
grit SiC papers followed by a final step using a 1 μm diamond gel suspension until 
a mirror-like appearance. All the samples were also mounted in conducted resin to 
carry out the polishing process. Subsequently, all the samples were also cleaned 
with the ultrasonic bath using the acetone and distilled water for 15 min each. 
Before each biochemical test, the samples were pre-immersed in the PBS solution 
for 2 hours and sterilised in an autoclave for approximately 15 minutes at 121 ˚C 
and 1.4 bar. 
6.2.2 Nanosecond laser processing: specific experimental plan 
In line with the work reported in the previous chapter, two types of surface textures, 
dimples and grooves, were machined on the surface of the metallic glass 
specimens using the nanosecond fibre laser using the pulse duration of 220 ns. 
The pulse repetition frequency was set to be 20 kHz. The laser source was 
stationary. The machined samples were fixed on the high-resolution 3-axis motion 
platform of the laser system to achieve the patterning. All surface patterns were 
machined under the same laser fluence of 30 J/cm2 and also with the same 
“distance” of 90 μm, as defined in the previous chapter. The scanning speed for 
the groove textured samples was fixed at 200 mm/s, which results in a pulse 
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overlap of 68.8 %. The laser parameters used for laser texturing are summarised 
in Table 6.1. 
 
Table 6.1: Laser parameters for the fabrication of dimple and groove patterns on the 
surface of Zr-based BMG samples. 
Wavelength 
(nm) 
Spot 
diameter 
(μm) 
Pulse 
duration 
(ns) 
Frequency 
(kHz) 
Laser 
fluence 
(J/cm2) 
Track 
distance 
(μm) 
Scanning 
speed 
(mm/s) 
Surface 
patterns 
1064 32 220 20 30 90 
- Dimples 
200 Grooves 
6.2.3 Cellular behaviour study 
Osteoblast-like MG63 cells were employed to evaluate the bio-compatibility of the 
Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG surfaces processed with different surface conditions. 
The cell viability test, cell attachment and morphology observation were conducted 
according to specific instruments and test formats. All the details about the cell 
culture, cell viability test, cell attachment and morphology observation were 
described in Section 3.6. 
6.3 Results 
It has to declare that the study in this chapter is a further investigation about the 
bio-compatibility of the laser-textured Vitreloy 105 samples based on the wettability 
investigations shown in Chapter 5. Only one set of laser parameter was chosen for 
each type of textured sample (as shown in Table 6.1), so the surface topography 
and wettability results as well as surface chemistry results presented in this chapter 
were the same as those in chapter 5. These results presented here were for the 
purpose of briefly reminding. 
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6.3.1 Surface characterisation 
Figure 6.1 shows the surface topography of the BMG samples with different 
surface texturing (i.e. as-cast: AC, dimple-textured: DT and groove-textured: GT) 
observed with the 3D optical microscope and field-emission scanning electron 
microscope. The DT surface was generated by creating an array of single craters, 
with each crater corresponding to a single pulse irradiation event. On this surface, 
rims and vapour particles were distributed around the craters as a result of the 
laser-material interaction phenomena, as discussed in Chapter 4. Grooves and 
ridges could also be observed clearly on the GT samples, while almost no surface 
features were visible on the as-cast (i.e. AC) samples. 
The measured dimensions (i.e. depth, diameter/width) and surface roughness 
values of these three types of surfaces are listed in Table 6.2 using the arithmetical 
average height of the specific surface area, Sa. For the AC samples, Sa was 
assessed to be 0.065 μm, while Sa for the DT and GT samples increased to 0.21 
μm and 3.24 μm, respectively. The average depths of a single crater for the DT 
specimen and of a groove for the GT surface were 2.44 μm and 10.2 μm, 
respectively. In addition, their corresponding width(s)/diameter(s) were 32.23 μm 
and 28.6 μm, respectively. It was reported in the literature (Huang et al., 2011) that 
the increased surface roughness is beneficial for the cell attachment and cell 
orientation on the titanium alloys. The effects of the two types of surface textures 
considered here on the cell behaviour for the Zr-based metallic glass from the 
perspective of surface roughness variation will be discussed in section 6.4.2. 
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(a)          (b) 
   
(c)          (d) 
   
(e)           (f) 
Figure 6.1: SEM images for Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG samples (a, c, e) and their 
corresponding surface topography (b, d, e). (a) (b) for as-cast, (c)(d) for dimple textured 
and (e) (f) for groove textured sample. 
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Table 6.2: Surface roughness for different samples. 
Samples Roughness Sa (μm) Depth (μm) Diameter/Width (μm) 
Dimple textured (DT) 0.21 2.44 32.23 
Groove textured (GT) 3.54 10.2 28.6 
As-cast (AC) 0.065 - - 
 
Figure 6.2 shows the high-resolution XPS spectra of the metallic glass surfaces, in 
the case of the AC, DT, and GT surfaces for Zr 3d, Al 2p, Ti 2p and O 1s elements. 
Zirconium oxides (ZrO2 and ZrOx) and metallic Zr (i.e. pure Zr) were detected on 
the AC surface. In contrast, no trace of metallic Zr was observed on the surface of 
the samples after laser treatment, indicating that the zirconium on the surface was 
oxidized during the laser texturing process. In the case of Ti 2p, all the samples 
show a similar behaviour where the spectra reveal peaks at 458.5 eV and 464.2 
eV corresponding to titanium oxide (TiO2) doublets, Ti 2p1/2 and Ti 2p3/2, 
respectively. Moreover, for the Al 2p region, the XPS spectrum for the samples 
with and without laser texturing all show peaks at 72.6 eV, 74.6 eV and 76.8 eV 
corresponding to the metallic Al, Al2O3 and AlO(OH), respectively. After laser 
texturing the groove pattern, the data suggests a reduced content of the aluminium 
element, particularly Al2O3. The formation of titanium oxides, zirconium oxides and 
aluminium oxides can also be verified by examining the O 1s spectra shown in 
Figure 6.2 (j) to (l). 
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(a)       (b)       (c) 
 
(d)       (e)       (f) 
 
(g)       (h)       (i) 
 
(i)       (k)       (l) 
Figure 6.2: High-resolution XPS spectra for the as-cast, dimple textured and groove 
textured samples: narrow scans of (a) to (c) for Zr 3d, (d) to (f) Ti 2p, (g) to (i) Al 2p and (j) 
to (l) O 1s. 
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6.3.2 Wettability and SFE 
Surface wettability in terms of static contact angle (SCA) was characterized by the 
sessile drop technique. The SCA value of the AC, GT and DT are presented in 
Figure 6.3 and Table 6.3. As discussed in Chapter 5, the groove texture could 
enhance the hydrophilicity of the Vitreloy 105 metallic glass surface, while the 
dimple texture can weaken it. In the open literature (Costa and Hutchings, 2007; 
Junker et al., 2009), it has been reported that a hydrophilic surface is beneficial for 
cell attachment and proliferation. 
  
 (a)                      (b)  
Figure 6.3: Static contact angle of the Zr-based metallic glass samples in the case of as-
cast, dimple texture and groove texture wetted by distilled-deionized water (a) and 
ethylene glycol (b). Optical images of the droplets on the different sample surface are 
shown in the insets. 
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Table 6.3: Static contact angle and surface free energy of as-cast and laser textured 
surface with groove and dimple texture. 
Samples 
Contact angle (°) Surface free energy (mN/m) 
DD water Ethylene glycol Dispersive (𝛾𝑑) Polar (𝛾𝑝) Total (𝛾𝑇) 
As-cast 35.17 19.94 0.93 80.11 81.04 
Dimple texture 58.13 34.13 12.78 29.83 42.65 
Groove texture 15.63° 12.25° 0.38 118.92 119.3 
 
The surface free energy (SFE) was calculated from the Owens–Wendt model 
based on the SCA values measured using two liquids (i.e. distilled-deionized water 
and ethylene glycol). The SFE values for each specimen along with the polar and 
dispersive components are shown in Figure 6.4 and Table 6.3. From the Figure 
6.4, it should be noted that the surface free energy of the Zr-based metallic glass 
surfaces shows a significant difference. Indeed, it varies from 42.65 mN/m for DT 
sample to 119.3 mN/m for the GT specimen in comparison with 81.04 mN/m for 
the AC sample. Furthermore, the polar component of the SFE is significantly higher 
in the cast of GT surface (118.92 mN/m) compared to the AC (80.11 mN/m) and 
DT (29.83 mN/m) surfaces. In contrast, the dispersive component of the SFE for 
the DT sample (12.78 mN/m) is much higher than the AC (0.93 mN/m) and the GT 
(0.38 mN/m) samples. The SFE of a material is reported to be determined by 
several characteristics, including surface chemical composition, surface 
topography and surface charge. The relationship between the SFE and cellular 
behaviour of the Zr-based BMGs for different types of surface patterns will be 
discussed in the next sections. 
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Figure 6.4: Surface free energy and its dispersive and polar components for the 
Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG in the case of as-cast, dimple texture and groove texture.  
6.3.3 Cell viability 
Figure 6.5 shows the cell viability characterized by the optical density (OD) of 
MG63 osteoblast-like cells on the AC, DT and GT samples as measured by the 
CCK-8 assay. From this figure, for the MG63 cells after a 24 h incubation, it can 
be seen that the measured OD values for all these three samples were above the 
background OD values of the negative control with no cells. Moreover, the optical 
density values of the as-cast and laser textured samples were comparable to or 
larger than the positive control samples (cells on tissue culture plastic). This means 
that the cells were able to survive on all the Zr-based BMG surfaces and thus, that 
the Vitreloy 105 BMG has no cytotoxic effect. A detailed comparison of cell viability 
between the as-cast and the laser textured samples shows that the OD values of 
the GT surface was the highest (0.66 ± 0.04), and that of the AC sample surface 
(0.53 ± 0.03) was slightly higher than that of the DT sample surface (0.52 ± 0.03). 
It was reported by Huang et al. (2012a) that a higher optical density (OD) value 
represents a higher cell viability. Therefore, it can be concluded that the groove-
textured surface is beneficial for greater cell viability. The cell viability results are 
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in line with the wettability results reported earlier and also with findings made by 
Mukherjee et al. (2013) in the case of MG63 cells on the micro-groove patterned 
Ti-6Al-4V alloys surface. 
 
Figure 6.5: Cell viability measured with CCK-8 assay of cells cultured on 
Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG in the case of as-cast, dimple texture and groove texture. 
The t-test was conducted on the certain pairs of presented data; the inclusion of the 
symbol * in this figure indicates that the means of these sets of data were found to be 
significantly different from each other (p<0.05). 
 
6.3.4 Cell attachment and morphology 
Figure 6.6 shows the representative fluorescent microscopic graphs of the cell 
morphologies for the MG63 cells cultured for 24 h on the surface of AC, DT and 
GT Zr-based BMG samples. From these figures, the dimple patterns and groove 
patterns can be seen clearly. Figure 6.6 (a) and (b) show the appearance of cells 
attached to the AC Zr-based BMG surface, stained by DAPI and phalloidin, 
respectively. It can be seen that a number of labelled cells were attached to and 
spread out on the AC surface. In contrast, almost no cells can be found on the 
dimple textured sample surface. In comparison with the AC samples, more cells 
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can be found on the GT sample surface, which agrees with the cell viability results 
discussed in section 6.3.3. These observations mean that the laser-induced groove 
texture can promote the cell attachment while the dimple texture can inhibit it. In 
addition, it should be noted that the SFE results presented earlier show a good 
correlation with the cell attachment results. Cell morphologies of the MG63 cells 
cultured on the AC and GT BMGs stained by both DAPI and phalloidin were shown 
in Figure 6.7. From this figure, it should be noted that the cells were randomly 
adhered on the as-cast Vitreloy 105 surface. However, many cells on the groove 
textured surface are aligned along the troughs or around the protrusions, indicating 
preferential adherence, which is likely to impact on cell morphology and behaviour. 
   
(a)                (b)  
   
(c)                (d)  
Dimples 
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(e)                (f)  
Figure 6.6: Morphologies of MG63 cells cultured on the Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG in 
the case of as-cast (a) (b), dimple-texture (c) (d) and groove-texture (e) (f); (a) (c) (e) cell 
nucleus stained with DAPI; (b) (d) (f) actin filament stained with phalloidin. 
  
Grooves 
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(a)           (b) 
   
(c)             (d) 
Figure 6.7: Cell morphologies of the MG63 cells cultured on the Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 
BMG stained with both DAPI and phalloidin; (a) (b) as-cast; (c)(d) groove-texture; (b) and 
(d) are the enlarged view of (a) and (c), respectively. 
6.4. Discussion 
The requirements for a biomaterial to be used for the load-bearing implants, i.e. 
hip prosthesis, and total joint prostheses, are high hardness, good specific strength 
and relatively lower Young’s modulus, together with a good corrosion resistance. 
However, the widely used biomedical crystalline alloys, like titanium alloys, 
stainless steels and CoCrMo alloy, do not possess a good combination of these 
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properties. For example, the CoCrMo alloy exhibits high hardness and good wear 
resistance, but the young modulus (210 GPa) is too high, which can lead to stress 
shielding effects; while the titanium alloy, like Ti-6Al-4V, has the modulus close to 
the natural bone, but the wear resistance is really poor, which may cause the 
degradation-induced inflammation. The metallic glass could exhibit a good 
combination of these properties, which is able to promote their biomedical 
applications as potential orthopaedic implants, especially the loading bearing 
devices (Demetriou et al., 2010; Li et al., 2016; Schroers et al., 2009). Some basic 
mechanical and physical properties of the Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG, cortical 
bone and other traditional biomaterials are listed in Table 6.4. The yield strength of 
the Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG is 2225 MPa, which is double of the strength for 
Ti-6Al-4V. The higher strength can make smaller and thinner implants possible, 
and thus leading to less rejection effects of the host tissue to the implants. In 
addition, the micro-hardness of Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG was measured to be 
579 Hv, which is 50% higher than Ti-6Al-4V and 316 stainless steel. The higher 
hardness means good wear resistance (Li et al., 2016), which implies that the 
Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG was more wear resistant than the titanium alloy and 
stainless steel. As a result, the wear debris-induced inflammation and osteolysis 
effect (also known as particle disease) can be avoided in a certain degree. 
Furthermore, the Young’s modulus of the Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG is 88.6 
MPa, which is lower than the other biomedical metals and much closer to that of 
the cortical bone (10-40 MPa). Based on the Wolff’s law, the close Young’s 
modulus between the Zr-based BMG and the cortical bone can make the stress 
distribute more uniformly than the other biomaterials, thus minimizing stress 
concentration, avoiding the occurrence of stress shielding-induced failure. The 
high hardness, good specific strength and relatively low young’s modulus have 
made this Zr-based BMGs to be an ideal candidate material for the load-bearing 
orthopaedic implants (Demetriou et al., 2010; Li et al., 2016; Schroers et al., 2009). 
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Fatigue properties also play an important role during the service life of a load-
bearing implants. The fatigue limit of the Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG under 107 
loading cycles is measured to be 907 MPa, which is much higher than that of the 
Ti-6Al-4V alloy (310-816 MPa, Long et al., 1998 and Niinomi et al., 1998) and at a 
similar level to that of the CoCrMo alloy (207-970 MPa, Niinomi et al., 1998). 
Excellent high-cycle fatigue strength can prolong the service life, and the high-
cycle fatigue strength of the Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG makes it to be promising 
for applications as heavy load bearing parts, such as joints or thighbone. Prior to 
being used in the body, the biocompatibility assessment has to be done. As an in-
vitro assessment method, cellular response has been a powerful technique to 
evaluate the biocompatibility of a potential bio-material. It was reported on the 
medical grade Ti-6Al-4V titanium alloy that surface texture can enhance the bio-
compatibility of the materials (Chen et al., 2007). Therefore, the nanosecond fibre 
laser was used to texture the surface of Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG, and the 
biocompatibility was investigated in this study.  
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Table 6.4: Mechanical properties of Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG, cortical bone and other 
biomaterials. 
Materials 
Young’s 
modulus(GPa) 
Fracture 
strength(MPa) 
Hardness 
(Hv) 
Fatigue 
limit(107 
cycles, MPa) 
Density (g cm-
3) 
Source 
Zr-based 
BMG 
88.6 2225 579 907 6.73 
(Glade et 
al., 2000) 
Cortical 
bone 
10-40 130-150 63-75 20-60 0.7-1.85 
(Long et 
al., 1998 
and 
Niinomi et 
al., 1998) 
Ti-6Al-4V 110 760-1050 320 310-816 4.4 
(Long et 
al., 1998 
and 
Niinomi et 
al., 1998) 
316 SS 200 190-690 365 200-800 7.9 
(Long et 
al., 1998 
and 
Niinomi et 
al., 1998) 
CoCrMo 
alloy 
200-230 600-1795 345-390 207-970 8.3 
Niinomi et 
al., 1998 
 
6.4.1 Effects of surface chemical composition 
Enhanced cellular attachment and cell viability were clearly observed on the GT 
surface, as evidenced in Fig. 6.5 and Fig. 6.6. It was reported by Ohtsu et al. (2015) 
that enhanced cell adhesion was attributed to improved surface hydrophilicity. The 
effect of the carbon group evolution during the laser process has already been 
discussed in chapter 5, and the hydrophilicity variation of these three different 
surfaces resulted from the combined effects of surface roughness and carbon 
groups. In addition to the wettability, the chemical composition can play a negative 
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role in the resulting bio-compatibility, especially the potential toxicity of copper, 
nickel and aluminium elements (Huang et al., 2012a; Rae, 1986; Wang et al., 1997). 
The surfaces of the Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG considered here however were 
found to mainly consist of TiO2, ZrO2 and Al2O3, as evidenced by the XPS results. 
These oxides can act as a barrier, avoiding the release of toxic elements from the 
original metallic glass surface. As a result, such elements may not directly interact 
with cells, allowing their survival on Vitreloy 105 surfaces, whether as-cast or laser-
irradiated. 
6.4.2 Effect of surface roughness 
As discussed earlier in Chapter 5, the increase in surface roughness has a positive 
effect on the hydrophilicity of the laser processed Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG. 
According to Huang et al. (2011), who also conducted cellular response 
experiments on a Zr-based BMG, in addition to the chemical composition, the 
roughness of a surface can also affect cell behaviour. For example, in the case of 
laser textured Ti-6Al-4V surfaces, it was reported that the rougher the surface, the 
more features (e.g. redeposited vapour particles and sharp ridges) are available 
as focal points for the cells to adhere to (Chen et al., 2009). In the study reported 
in this chapter, a higher level of cell attachment (c.f. Fig. 6.6) was observed for the 
GT surface, while there were almost no cells attached on the DT sample. Moreover, 
on the GT surface, the MG63 cells were mainly distributed along the troughs or 
around the protrusions, where the surface roughness is higher than that of the flat, 
unprocessed area. This observation is in-line with the reports from Huang et al. 
(2011). This relationship between increased roughness and improved cell 
attachment is applicable to the GT sample, but it does not hold for the DT specimen. 
Indeed, the roughness of the DT surface is higher than that of the as-cast sample, 
but cell attachment was not found to be improved with the dimple pattern. At the 
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same time, it was found that the hydrophilicity of the AC surface was enhanced by 
the laser-induced groove patterns but weakened by the laser-induced dimple 
patterns. Thus, it can be said that the cell attachment results show a good 
consistency with the wettability observations of these three samples. Therefore, it 
can be concluded that while surface roughness can affect cell attachment, it is not 
the only factor determining this aspect of cell behaviour. 
Several research investigations have shown that cells align along grooves 
(Anselme et al., 2002; Chen et al., 2009; Chesmel et al., 1995), depending on their 
dimensions, especially as a function of the depth of the micro-grooves. In particular, 
it was reported that cells can elongate along or parallel to 5 μm deep grooves, but 
randomly orientate when grooves were only 0.5 μm in depth (Anselme et al., 2002). 
In this study, the surface roughness of the groove-textured sample was measured 
to be 3.54 μm and the average depth of the grooves was measured to be about 10 
μm. Thus, it is believed that the depth of the grooves generated here was large 
enough for many cells to align preferentially along them. In contrast, the observed 
randomly aligned cells on the as-cast sample surface can be attributed to its 
relatively smooth surface. 
6.4.3 Relationship between cell attachment and wettability 
Wettability and surface free energy also contribute to cell attachment (Boyan et al., 
1996; Chrzanowski et al., 2008; Ochsenbein et al., 2008; Ponsonnet et al., 2003). 
In particular, a high surface free energy and increased hydrophilicity can enhance 
the interaction between an implant surface and its biological environment, cell 
adhesion and cell spreading (Baier et al., 1984; Schrader, 1981; Schwarz et al., 
2009). In the present study, the measured water contact angles for all the samples 
were smaller than the Berg limit (θ=65°). This indicates that all considered surfaces 
were hydrophilic (Vogler, 1998). As reported in Figure 6.3 earlier, the contact angle 
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of the DT surface was the largest, while that of the groove textured surface was 
the smallest. This means that the dimple pattern resulted in the lowest 
hydrophilicity while the groove pattern displayed the highest hydrophilicity. By 
means of wetting with two liquids (distilled-deionized water and ethylene glycol), 
the surface free energy of the analysed three sample surfaces was also calculated, 
along with their dispersive and polar components. According to Sarapirom et al. 
(2013), the polar component of surface energy has a significant effect on wettability 
as polar molecules can interact with the dipole force and hydrogen bonds, which 
is beneficial for enhancing wettability. The surface free energy results and the 
observation of hydrophilic properties for each surface are in line with the cell 
attachment results. More specifically, the SFE and its polar component for the 
dimple-textured sample was found to be lower than the other two groups. In 
contrast, the SFE and its polar component of the groove textured sample surface 
was the largest. 
In addition, cell attachment may relate to protein pre-adsorption as well. It is widely 
reported that protein adsorption occurs before cells reach the material surface, 
exposing cell binding domains that may encourage or inhibit cell adhesion (Boyan 
et al., 1996; Ratner et al., 2004). Therefore, the initial surface texture may have 
implications on protein adsorption and thus affect cell adhesion. More specifically, 
fetal bovine serum (FBS), which is the constituent of the cell culture media used in 
this study, contains proteins such as bovine serum albumin (BSA) and fibronectin 
which play roles in cell attachment. BSA can partially inhibit osteoblast attachment 
whilst fibronectin can mediate attachment. It was reported that BSA preferentially 
adsorbs onto smooth surfaces, whilst fibronectin adsorbs more preferably on rough 
surfaces (Boyan et al., 1996; Yang et al., 2003). As a result, preferential binding of 
BSA on smooth as-cast surfaces are likely to inhibit cell attachment, which would 
offer an alternative explanation for the observations made in this study. On the 
contrary, the rough GT sample surface displayed good cell attachment, which may 
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be attributed to greater levels of fibronectin adsorption. Further work investigating 
the attachment of these serum proteins to these surfaces however is required to 
test this hypothesis. In addition, protein adsorption can also correlate with the 
surface hydrophilicity and surface free energy (Ochsenbein et al., 2008), 
highlighting the complex biological process of cell attachment to implant surfaces.  
In general, in light of the cellular response of the osteoblast-like MG63 cells on the 
Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 BMG, it can be concluded that this Zr-based BMG has no 
toxic effect and that the best bio-compatibility is achieved on the groove-textured 
sample surface. This is due to its enhanced hydrophilicity, high SFE and surface 
roughness as well as the increase of metallic oxides. The corrosion resistance is 
also of utmost important for implants due to the aggressive environment 
encountered in-vivo. Corrosion resistance determines the likelihood and rate of 
released metal ions from implants which can affect bio-compatibility, mechanical 
properties and failure rates. Therefore, investigations in metal ion release via 
biocorrosion studies and enhanced corrosion resistance via surface treatment 
techniques remain a vital issue. Further investigations on the biocorrosion 
resistance and in-vivo animal testing are still required to gain a more 
comprehensive understanding of the bio-compatibility of laser-textured Vitreloy 
105 BMG surfaces. 
6.5. Conclusions 
Two types of surface pattern, i.e. dimples and grooves, were fabricated on the 
surface of the Vitreloy 105 via nanosecond pulsed fibre laser irradiations. In 
particular, the bio-compatibility of this BMG, was investigated using cellular 
response studies of osteoblast-like cells (MG63) for different surface conditions, 
i.e. as-cast, dimple-textured and groove-textured. The surface roughness, 
chemical composition, and wettability as well as the surface free energy of all 
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samples were assessed and compared. The viability of the MG63 cells was 
evaluated using the CCK-8 assay on the different types of surface patterns. 
Comparisons of cell attachment and cell morphology were also made via 
fluorescent image analysis. Finally, the effects of surface chemistry, roughness 
and surface free energy on bio-compatibility were discussed in an attempt to 
explore the underlying laser-induced physical modifications for different patterns. 
Vitreloy 105 metallic glass was found to be non-cytotoxic to MG63 osteoblast-like 
cells in this study. This is attributed to the presence of a surface oxide layer 
composed of TiO2, Al2O3 and ZrO2. This study also showed that cell viability and 
attachment could be modified on purpose via laser surface texturing and that bio-
compatibility results agreed well with the wettability of the resulting surfaces. More 
specifically, cell viability and attachment could be enhanced by laser texturing 
grooves on the Vitreloy 105 surface, while cell attachment was reduced in the case 
of dimple texturing. In addition, it was found that cells preferentially orientated along 
the grooves whilst attachment direction was random for the as-cast samples. 
Finally, the cell adhesion observations correlated with the surface free energy 
measurements, which may be influenced by protein adsorption. 
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Chapter 7 Softening and hardening 
on the Zr52.8Cu17.6Ni14.8Al9.9Ti4.9 bulk 
metallic glass induced by 
nanosecond laser surface melting 
 
7.1 Introduction 
The study reported in this penultimate chapter was conducted to investigate the 
influence of laser surface melting (LSM) on the mechanical properties, specifically 
hardness and shear banding behaviour of Vitreloy 105. More specifically, by 
conducting LSM operations on Vitreloy 105 in ambient atmosphere using the 
available nanosecond laser, a microhardness tester was used firstly to evaluate 
the surface hardness evolution of this BMG treated with different laser parameters. 
In addition, the surface residual stress distribution and microstructure changes of 
the BMGs before and after laser surface melting process were characterised by 
SEM, XRD and the FIB-DIC technique. Following this, a nanoindentation 
instrument was employed to explore the effect of LSM on the shear banding 
behaviour of as-cast and laser-irradiated Vitreloy 105 surfaces as an indirect 
method to reflect the plasticity evolution on different BMG samples. Finally, the 
driving mechanisms induced by LSM on the hardness and shear banding 
behaviour were proposed from the perspectives of LSM-induced residual stress 
distribution and microstructure evolution. 
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7.2 Specific experimental methods 
7.2.1 Laser surface melting: specific experimental plan 
The laser surface melting process was carried out by the fibre laser with a 
frequency of 80 kHz and a pulse duration of 65 ns at various beam scanning speed, 
laser fluence and scanning times. The laser beam travelled from a pre-defined 
starting edge of the treated area to a finished edge in the 𝑥 direction for a distance 
L, thus completing one track. The first irradiated spot for the subsequent track was 
set at a distance increment, Ds, of several micrometres in the 𝑦 direction. In this 
study, all the values of Ds were set to be 20 μm, so the overlap along the 𝑦 
direction was calculated to 37.5%. Unlike the laser micromachining process 
implemented in Chapter 4, for which the focus was to remove material, the laser 
surface melting operations conducted here are concerned with the modification of 
the mechanical properties of the BMGs via laser-induced rapid heating and cooling 
(see Figure 7.1). Therefore, a set of lower laser fluence values (less than 4.04 
J/cm2) with a shorter pulse duration (65 ns) were exploited. The detailed laser 
parameters used in the present study are shown in Table 7.1. 
    
Figure 7.1: Schematic diagram of the laser surface melting process. 
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Table 7.1: Detailed laser parameters used for the laser irradiation experiments. 
Wavelength 
(nm) 
Spot 
diameter 
(μm) 
Pulse 
duration 
(ns) 
Frequency 
(kHz) 
Track 
distance 
(μm) 
Laser 
fluence 
(J/cm2) 
Scanning 
speed 
(mm/s) 
Scanning 
times 
1064 32 65 80 20 
3.42 800 1 
3.73 800 1 
3.89 800 1 
4.04 800 1 
4.35 800 1 
4.04 600 1 
4.04 400 1 
4.04 200 1 
4.04 800 5 
4.04 800 10 
4.04 800 20 
7.2.2 Material preparation for microstructure characterisation 
In order to observe the microstructure of selected cross sections, specimens were 
etched for 10 s using a solution of 10 vol.% HF + 90 vol.% H2O (Bian et al., 2001), 
then examined using the scanning electron microscope. 
7.3 Results 
7.3.1 Qualitative analysis of the surface topography 
SEM micrographs of surfaces irradiated with different laser fluence values, namely 
3.42 J/cm2, 3.84 J/cm2 and 4.35 J/cm2, for a fixed scanning speed and after one 
irradiation cycle only, are shown in Figure 7.2. It can be clearly seen from this figure 
that, under the lowest laser fluence considered (3.42 J/cm2), no obvious craters 
were formed on the surface. However, flake-type features are apparent between 
laser tracks. It is suggested that these features are remains of the original oxide 
layer on the surface of the as-cast sample. Indeed, the backscattered electron 
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(BSE) detector image shown in Figure 7.2(b) reveals that these features 
correspond to regions with a darker contrast. Interestingly, on the surface of 
samples treated with the slightly higher fluence of 3.89 J/cm2, these flake-type 
features were not present anymore (see Figure 7.2(c)) while the resulting surface 
topography is still relatively unchanged. The corresponding BSE detector image 
shown in Figure 7.2(d), shows that the original oxide layer was indeed removed 
completely in this case. Under the highest laser fluence, (4.35 J/cm2), overlapped 
disk-shaped features can be observed. These features, which are 18 μm in 
diameter and thus, smaller than the laser spot diameter, were formed by re-
solidified melt. In addition, a higher magnification image (see Figure 7.2 (g)) shows 
that no vapour particles were re-deposited on the surface of this sample. This 
means that even at the highest fluence value selected in this study, laser melting 
was still the dominant processing regime; as opposed to laser ablation in the 
reports introduced in Chapter 2 from Tariq et al. (2009), Mudry et al. (2013) and 
Huang et al. (2019). 
  
(a)         (b) 
  
7.3 Results 
149 
 
(c)         (d) 
  
(e)         (f) 
 
(g) 
Figure 7.2: Secondary electron (SE) images of the surface of the Vitreloy 105 BMG 
following LSM with fluence values of (a) 3.42 J/cm2 (c) 3.89 J/cm2 and (e) 4.35 J/cm2 
under a fixed scanning speed of 800 mm/s and one irradiation cycle; (b), (d) and (f) are 
the corresponding back-scattered electron (BSE) images of (a), (c) and (e), respectively; 
(g) is a magnified SE image of (e). 
7.3.2. Vickers micro-hardness tests 
Hardness is an important property that can affect the wear resistance of metallic 
glasses. Greer et al. (2002) reviewed micro-hardness values of several amorphous 
alloys available in the literature and their corresponding wear resistance. They 
reported that, for a given class of alloy composition, the harder the material was, 
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the higher the wear resistance tended to be. Thus, the ability to harden BMGs via 
LSM could have interesting practical applications where a combination of strength, 
large elastic limit, corrosion and wear resistance are required, such as in 
orthopaedic implant materials, for instance. 
Results of the Vickers micro-hardness tests conducted on the surface of the 
Vitreloy 105 samples under different LSM processing conditions are presented in 
Figure 7.3. The average hardness of the as-cast sample was measured to be 
495.7HV2. The standard deviation associated with this data (± 7.7HV2) was 
relatively small, suggesting that the hardness distribution on the surface of the as-
cast sample was quite homogeneous. In contrast, it is also observed from this 
figure that, after LSM, micro-hardness values tended to be less homogeneous for 
all laser processing conditions, as evidenced by larger standard deviations. In 
particular, for the sample treated with the highest fluence, 4.35 J/cm2, the standard 
deviation was also the largest, i.e. ± 24.7 HV2, and thus almost threefold that of the 
as-cast sample. Such a wider spread of hardness values may be attributed to the 
introduction of laser-induced surface patterns as well as microstructural changes 
(Huang et al., 2019). 
  
7.3 Results 
151 
 
    
(a)          (b) 
 
(c) 
Figure 7.3: Surface hardness values of Vitreloy 105 treated with (a) different laser 
fluence values for a fixed scanning speed of 800 mm/s and one irradiation cycle; (b) 
different scanning speed values for a fixed fluence of 4.04 J/cm2 and one irradiation 
cycle; (c) various number of irradiation cycles for a fixed fluence of 4.04 J/cm2 and a 
scanning speed of 800 mm/s. The t-test was conducted on certain pairs of presented 
data; the inclusion of the symbol * in this figure indicates that the means of these sets of 
data were found to be significantly different from each other. 
 
A comparison of the micro-hardness after LSM for different laser fluence values is 
provided with the bar chart in Figure 7.3(a). Of relevance to one of the motivations 
of this study, the results indicate that LSM operations could result in surface 
hardening depending on the employed laser fluence, in addition to the well-
documented softening. This effect appears particularly pronounced for the pair of 
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values 3.42 J/cm2 and 4.04 J/cm2, which are associated with apparent hardening 
and softening, respectively. The completion of the t-test confirmed that the mean 
hardness of 551.32 HV2 for the sample processed with the lower fluence of 3.42 
J/cm2 was statistically different, and thus higher (by 11.2%), than that of the as-
cast sample. This test was also employed to confirm that the mean hardness of 
470.4 HV2 for the sample processed with the fluence of 4.04 J/cm2 was lower (by 
5.1%) than that of the as-cast sample. Given the relatively small difference 
between both fluence values, i.e. less than 1 J/cm2, it is important to note that the 
hardness on the surface of Vitreloy 105 appears to be very sensitive to variations 
in delivered energy. 
For a fixed fluence and a single irradiation cycle, the effect of different scanning 
speed on surface hardness is shown in Figure 7.3(b). In this case, it can be 
observed that the average micro-hardness did not vary significantly between 
scanning speed values. This indicates that this parameter does not have an 
important influence on the resulting hardness, at least for the range of values 
considered in this study. In addition, the effect of the number of irradiation cycles 
is shown in Figure 7.3(c) for fixed values of delivered fluence and scanning speed. 
From this particular bar graph, it can be noted that the micro-hardness reduced 
compared to that of the as-cast sample when only one irradiation cycle was applied. 
However, the hardness then increased with additional irradiation cycles and 
remained relatively stable after 5 cycles. In addition, the outcome of the student t-
test showed that the mean micro-hardness values could indeed be considered 
significantly different between 1 cycle and 5 cycles of irradiation. This suggests 
that this parameter could also be influential on the micro-hardness resulting from 
LSM, in addition to the effect of the fluence noted earlier. However, given the fact 
that the micro-hardness remained almost unchanged after a certain number of 
cycles, it could also be said that there is an effective interval in which the number 
of irradiation cycles could have such an influence. In addition to the results reported 
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above, the effect of the laser fluence on 1) the residual stress distribution, 2) the 
microstructural evolution and 3) the shear banding behaviour of Vitreloy 105 is 
presented in the following sections. These subsequent experimental data are 
obtained for the samples irradiated with the specific fluence values of 3.42 J/cm2 
and 4.04 J/cm2, in addition to the as-cast specimen. The rationale behind this 
selection is that this pair of fluence values resulted in the largest hardness increase 
and decrease, respectively, compared to the original hardness of the as-cast 
material. 
7.3.3. Residual stress distribution 
Residual stress is proven to have a significant effect on mechanical properties, 
such as the plasticity (Cao et al., 2015; Zhang et al., 2006), of bulk metallic glasses. 
It is known that residual stress can be induced during melting and solidification, 
phase transformation and mechanical treatment processes (Noyan and Cohen, 
(2013)). During pulsed LSM, the irradiated BMG surface experiences rapid heating 
and cooling cycles during which high thermal gradients can be generated along 
the in-depth direction. As a result, residual stress can be introduced on the target 
material. As mentioned earlier in this Thesis, the effect of LSM on the residual 
stress distribution was assessed by applying the ring-core FIB milling and DIC 
technique. The quantitative results obtained for the as-cast sample and for 
specimens processed with the selected fluence values of 3.42 J/cm2 and 4.04 
J/cm2 are given in Figure 7.4. In particular, Figure 7.4(a) shows the average near-
surface residual stress for all these three specimens of interest. From this figure, it 
can be seen that the near-surface residual stress for the sample treated with the 
lower fluence of 3.42 J/cm2 presented a compressive state compared to the as-
cast material. On the contrary, the introduction of tensile residual stress was 
detected for the sample treated with the higher fluence of 4.04 J/cm2. These results 
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are in-line with the micro-hardness measurements presented earlier. In particular, 
the observed hardening of the surface for an applied fluence of 3.42 J/cm2 is 
accompanied with the introduction of compressive residual stress, while the 
softening effect observed for the fluence of 4.04 J/cm2 is associated with the 
presence of tensile residual stress. 
   
(a)         (b) 
   
(c)         (d) 
Figure 7.4: (a) Comparison of average near-surface residual stress between the selected 
Vitreloy 105 samples; individual and average residual stress values for (b) the as-cast 
sample; (c) the hardened sample LSM treated with a fluence of 3.42 J/cm2; (d) the 
softened sample LSM treated with a fluence of 4.04 J/cm2. 
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7.3.4. Microstructure analysis 
Figure 7.5 shows the XRD patterns of the Vitreloy 105 BMG prior to and after LSM 
operations. As can be seen from this figure, the XRD pattern of the as-cast sample 
shows an overall amorphous halo with two crystalline peaks. After laser irradiation 
with the fluence of 3.42 J/cm2, two crystalline peaks of Al2NiZr6 and an additional 
CuZr2 peak were introduced. In contrast, with a higher laser fluence of 4.04 J/cm2, 
no new crystalline phases formed and the intensity of the original CuZr2 peaks was 
even reduced. Moreover, as seen in Figure 7.5(b), which shows an enlarged view 
of the XRD patterns, the location of the diffraction peak corresponding to the CuZr2 
phase at 25.18° shifted to a slightly lower angle. This smoothened profile and the 
small change in location of the crystalline peak may be correlated with a refined 
crystalline phase or the formation of an amorphous microstructure (Gu et al., 2012). 
  
(a)          (b) 
Figure 7.5: (a) XRD patterns of Vitreloy 105 BMG specimens prior to and post laser 
surface melting; (b) enlarged view of (a) in the range 5-40°. 
 
The fact that the sample treated with a fluence of 3.42 J/cm2 displayed a higher 
degree of crystallinity is in-line with related literature presented in Chapter 2, 
section 2.4, since this specimen also exhibits an increased hardness. However, it 
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is perhaps counter-intuitive to observe that when the fluence was further increased 
to 4.04 J/cm2, then the surface became more amorphous. To confirm this particular 
observation, the morphology of the etched cross-section for the as-cast and the 
sample treated with this higher fluence of 4.04 J/cm2 were further compared. The 
resulting SEM images are given in Figure 7.6. It can be seen that compared to the 
microstructure of the as-cast sample, the grains in the near-surface region appear 
refined following the LSM treatment, which is consistent with the XRD results. The 
fact that a higher fluence led to a refined crystalline phase and the formation of a 
more amorphous layer near the surface may be attributed to the higher cooling 
rate induced by the increased laser fluence and consequent rapid heating and 
cooling cycles during LSM operations. 
  
(a)          (b) 
  
(c)          (d) 
Figure 7.6: Cross-sectional SEM micrographs of the BMG specimens: (a) and (b) as-
cast; (c) and (d) following LSM with a fluence of 4.04J/cm2. 
20 µm As-cast  
 
6 µm 
20 µm Fluence: 4.04 J/cm2 
 
6 µm 
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7.3.5. Nanoindentation tests 
As reported in Chapter 3, section 3.5.3, discontinuous depth bursts in load-depth 
(P-h) curves obtained via nanoindentation tests are considered to be directly 
related to shear banding activity, i.e. nucleation, propagation and blockage and/or 
cessation, inside and on the surface of BMGs (Cao et al., 2015; Huang et al., 2019). 
Thus, insight into the plastic deformation behaviour of BMGs can also be gained 
through the analysis of such discontinuous depth bursts, also referred to as 
serrated flows. Such data can be obtained via the continuous recording of the 
mechanical response of the specimen during a nanoindentation cycle. Figure 7.7 
shows the load-depth (P-h) curves of the as-cast and post-LSM samples. As could 
be expected, and in-line with the Vickers micro-hardness results, the maximum 
penetration depth was found to be the lowest (i.e. 924 nm) for the sample 
displaying a hardened surface post-LSM, while the highest penetration depth (i.e. 
945 nm) was measured for the specimen with a softened surface. More 
interestingly, from the insets also included in this figure, which show magnified 
portions of the P-h curves, it is visible that serrated flows (discontinuous bursts) 
are quite prominent on both the as-cast sample and the specimen treated with 4.04 
J/cm2. In comparison, the P-h curve for the sample irradiated with 3.42 J/cm2 is 
quite smooth. 
In order to compare the serrated flow behaviour in a more systematic way, the 
depth-difference method was implemented on the recorded P-h data, as was also 
the case in previous studies (Huang et al., 2018, 2019; Huang et al., 2012b). As 
explained earlier (see Chapter 3, section 3.5.3), when implementing this method, 
one single serrated flow event on the P-h curve is characterised by one sharp peak 
in the resulting depth-difference curve. The number and height of such peaks thus 
represent the number and intensity of serrated flows on the corresponding P-h 
curves. Results from applying the depth-difference method are also included in 
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Figure 7.7. From a purely qualitative observation of these graphs, it appears that 
the number and magnitude of the sharp peaks for the hardened sample post-LSM 
are reduced compared to data extracted for the as-cast sample. Again, solely from 
a qualitative perspective, the number and magnitude of such peaks seem to be 
slightly higher for the softened sample post-LSM. In order to provide a more 
quantitative analysis, Table 7.2 gives the number of peaks, which were recorded 
to be larger than 2 nm, as well as the total distance covered when adding all such 
peaks together, for all three samples. From this table, it becomes obvious that the 
sample softened following LSM with 4.04 J/cm2 displayed the largest number of 
large-sized serrated flow events, while the hardened sample post-LSM, i.e. with a 
fluence of 3.42 J/cm2, led to the smallest number. These results will be further 
discussed in the next section. It is quite apparent however, that the LSM operations 
conducted here could not only promote but also reduce serrated flow events for 
the treated Vitreloy 105 surface. In turn, this suggests an associated influence on 
the plastic deformation behaviour of this material post-LSM depending on the 
irradiation conditions. 
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(a)          (b) 
   
(c)          (d) 
   
(e)          (f) 
Figure 7.7: Load-depth curves and corresponding depth-difference curves: (a) and (b) for 
the as-cast sample; (c) and (d) for the LSMed sample treated with 3.42J/cm2; (e) and (f) 
for the LSMed sample treated with 4.04J/cm2. 
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Table 7.2: Quantitative results obtained from the depth-difference method to characterise 
serrated flow events being over 2 nm in the load range 10-100 mN. 
 As-cast 3.42 J/cm2 4.04 J/cm2 
Number of depth-difference peaks 
being over 2 nm 
20 5 26 
Total distance when adding all depth-
difference peaks being over 2 nm (nm) 
53.45 10.76 72.95 
 
In order to provide further experimental elements of discussion regarding the effect 
of LSM treatment on the shear banding behaviour near the surface of BMG 
specimens, the topography of typical pile-ups formed on the side of the nano-
indents was analysed using AFM (see Figure 7.8) and SEM images (see Figure 
7.9). Interestingly, numerous macroscopic shear bands were observed to reach 
the surface near nano-indents for the hardened sample post-LSM, while the 
softened sample displayed a reduced number of such surface shear bands and 
the as-cast sample almost none. The height of these pile-ups also tended to be 
highest for the hardened sample (see Figure 7.8(d) as an example). The literature 
reports that an increased number of discrete bursts, or pop-ins, visible in the P-h 
curve corresponds not only to more pronounced shear banding activity but also 
this generally results in more shear bands reaching the surface near nano-indents 
(Golovin et al., 2001; Yoo et al., 2007). However, this is not the case in the present 
study. In fact, the number of shear band emerging on the surface is the highest for 
the sample displaying reduced shear banding activity. As will be discussed in the 
next section, this somewhat counter-intuitive observation indicates that residual 
stress might play an important role in the direction of propagation of shear bands, 
as was observed by Haag et al. (2014). 
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(a)          (b) 
   
(c)          (d) 
Figure 7.8: Representative 3D topography of nano-indents on the: (a) as-cast sample; 
(b) LSMed sample treated with 3.42 J/cm2; (c) LSMed sample treated with 4.04 J/cm2; (d) 
corresponding line profiles from the data shown in (a), (b) and (c). 
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(a)          (b) 
 
(c) 
Figure 7.9: Representative SEM micrographs of the residual indent morphology on the 
surface of (a) as-cast sample; (b) LSMed sample treated with 3.42 J/cm2; (c) LSMed 
sample treated with 4.04 J/cm2. 
7.4 Discussion 
7.4.1. Effect of LSM on the hardness of Vitreloy 105 
An important outcome of the study reported in this chapter is the experimental 
finding that, depending on the applied laser parameters, and especially the laser 
fluence, the surface of the irradiated Vitreloy 105 BMG could not only be softened 
but also hardened as a result of conducting LSM in ambient environment. It was 
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also found that tensile residual stress was present on the softened surface, while 
compressive residual stress was measured on the hardened surface. Previous 
studies that focussed on the effect of residual stress on hardness generally tackled 
such investigations by measuring the hardness on the cross section of BMG beams 
pre-stressed elastically in bending (Chen et al., 2008; Wang et al., 2011a). Findings 
from these reports suggest that a reduction in hardness takes place in regions of 
induced tensile stress, while such a correlation tends to be less obvious between 
increased pre-existing compressive stress and increased hardness, except at 
relatively high stress level (Haag et al., 2014). Thus, the observed increase in 
hardness following LSM treatment may have been driven more substantially by the 
increase in the fraction of crystalline precipitates rather than by residual 
compressive residual stress. As reported earlier, the influence of the microstructure 
was also observed by Tariq et al. (2009), Mudry et al. (2013), and Huang et al. 
(2019), albeit in the laser ablation regime for these former studies. Such a 
correlation was also found here as the hardened surface exhibited a more 
prominent CuZr2 phase and the introduction of the Al2NiZr6 phase as well. With the 
increase in fluence, the prominence of crystalline precipitates was found to be 
reduced. As suggested earlier, this might be due to the increased cooling rate 
during the repeated cycles of irradiation at higher fluence. In addition, it is possible 
that the more pronounced laser thermal shock events, resulting from the increased 
fluence, could also have contributed to the reduced hardness via the introduction 
of shear bands within the material. Thus, in addition to the influence of the tensile 
residual stress, this could have led to further reduction of the hardness via shear 
band-induced softening (Huang et al., 2019). 
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7.4.2. Effect of LSM on the shear banding behaviour of Vitreloy 105 
Following laser ablation of the Zr-based BMG Vitreloy 1, Huang et al. (2019) found 
that laser-induced surface hardening was accompanied by a lack of shear bands 
reaching the surface during nanoindentation tests. In comparison, such shear 
bands could still be observed by these authors for as-cast and softened samples. 
Clearly, a different outcome is observed with the results presented in this chapter 
as the sample for which LSM led to surface hardening displayed the more 
pronounced surface shear bands. Huang et al. (2019) suggested that the lack of 
surface shear band in their case could have been due to the introduced secondary 
phase which impeded their propagation. In the current study, the higher proportion 
of crystalline precipitates for the sample in question did not prevent it from also 
being the specimen with the higher proportion of shear bands reaching the surface. 
The discrepancy between this outcome and that of Huang et al. (2019) is explained 
by the role that the measured compressive residual stress should play in the 
present study. In particular, based on nanoindentation tests conducted on Cu-Zr-
based BMG beams pre-stressed elastically, Haag et al. (2014) reported that 
compressive residual stress could lead to a confined plastic deformation zone, 
increased material flow towards or at the sample surface and also higher pile-ups 
around indents. These authors also noted that, with tensile residual stress, no 
shear steps were found on the BMG surface following nanoindentation. Figure 7.10, 
which is reproduced and adapted from these authors, illustrates this effect. Figure 
7.10(b) in particular shows how compressive residual stress can lead to shear band 
activity being localised near the surface around the indent. The results presented 
here are also consistent with these findings from Haag et al. (2014) when the effect 
of residual stress is considered. In addition, similarly to these authors, higher pile-
ups were also associated with the presence of compressive residual stress while 
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a relatively smooth surface and lower pile-ups around the indents was observed 
for the sample exhibiting tensile residual stress (see Figure 7.8). 
However, one particular experimental result from the current study, which is 
different from the data presented by Haag et al. (2014) is concerned with the 
observed serration behaviour between the as-cast sample and the specimen with 
compressive residual stress. Indeed, these authors found that both compressive 
and tensile residual stress led to an increase in the total serration length during 
nanoindentation when compared to the behaviour of the as-cast sample. This 
particular outcome was only verified here in the case of the specimen with tensile 
residual stress. Indeed, the sample displaying compressive residual stress showed 
a reduced overall distance of serrated flows (see Table 7.2). It is suggested that 
this discrepancy with Haag et al. (2014) could be due to the difference in 
microstructure between the as-cast and LSMed samples in the current study. 
Indeed, it seems reasonable to suggest that the higher fraction of crystalline 
precipitates following LSM at the lowest fluence of 3.42 J/cm2 impeded the 
propagation of shear bands and thus, led to a reduction of the measured total 
length of serrated flow events. 
    
(a)         (b) 
Figure 7.10: Schematic diagram illustrating the influence of residual stress on the shear 
banding behaviour of the BMG: (a) tensile residual stress; (b) compressive residual 
stress. Figure adapted from Haag et al. (2014) 
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7.5 Conclusions 
In this chapter, nanosecond laser surface melting operations in ambient 
atmosphere were conducted to modify the hardness and the shear banding 
behaviour of Vitreloy 105. The Vickers micro-hardness and the residual stress on 
sample surfaces treated with different laser parameters were assessed. Moreover, 
the resulting microstructure on different irradiated surfaces was studied via X-ray 
diffraction and scanning electron microscopy. Finally, nanoindentation tests were 
conducted to evaluate the shear banding activity of the samples, while AFM and 
SEM were employed to characterise the residual indent morphology. Based on the 
obtained experimental results, the following conclusions can be made: 
1. It was demonstrated that laser surface melting can not only soften the material 
but also harden it, depending on the applied laser parameters. Among the 
parameters considered here, the laser fluence appeared to have the most 
prominent effect on the micro-hardness compared to the scanning speed and the 
number of irradiation cycles. 
2. For a fixed value of scanning speed and irradiation cycle, surface hardening was 
achieved with the lowest laser fluence considered. This outcome was 
accompanied with the introduction of compressive residual stress and an 
increased proportion of crystalline precipitates on the surface of the BMG. Based 
on the analysis of relevant literature, it may be possible that the increase in the 
crystalline fraction was the more important driving mechanism behind the observed 
hardening effect. In addition, with the introduction of compressive residual stress 
following LSM, overall reduced serrated flow but increased surface shear bands 
suggest that plastic deformation underneath the indenter became a highly localised 
activity. 
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3. For a fixed value of scanning speed and irradiation cycle, the well-known surface 
softening effect was achieved for higher values of laser fluence. In this case, the 
presence of tensile residual stress and a reduction in the fraction of crystalline 
phases were also observed. The introduction of tensile residual stress post-LSM 
operations promoted serrated flows and the likely distribution of shear banding 
activity well throughout the volume beneath the indenter.
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Chapter 8 Conclusions and Future 
Work 
 
This chapter presents the main contributions of the research conducted in this 
thesis and suggests directions for the future work. 
8.1 Conclusions 
This work was concerned with investigating the utilisation of laser processing 
techniques, including laser micromachining, laser surface texturing and laser 
surface melting, on Vitreloy 105 with a view to study whether this combination of 
process and material could be employed to promote the potential orthopaedic 
implant applications of this Zr-based bulk metallic glass. The main high-level 
contributions of this research are as follow: 
i) Development of a theoretical model for laser micromachining of Vitreloy 105 in 
single pulse and multiple moving pulse machining scenarios; 
ii) Exploitation of the ns laser surface texturing to modify the surface wettability of 
Vitreloy 105; 
iii) Implementation of laser surface texturing to enhance the bio-compatibility of 
Vitreloy 105; 
vi) Experimental insight into the underlying mechanisms associated with laser 
surface melting which lead to changes in hardness and shear banding behaviour 
of irradiated Vitreloy 105 surfaces. 
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More specific contributions and associated conclusions achieved are given below 
in light of the knowledge gaps identified in Chapter 2. 
Knowledge gap: Investigations in nanosecond laser micromachining on Vitreloy 
105 via a combined experimental and theoretical study. 
◆ A 2D theoretical model was created to analyse the temporal and spatial 
evolution of the temperature on the surface, and within, the target material. 
This model was also used to predict the thermal history of the BMG specimens 
and the dimensions of machined craters when processed under different laser 
parameters so that the underlying removal mechanism and the influence of 
laser parameters during the laser machining could be revealed.  
◆ The material response during single and multiple pulse processing was 
investigated under different parameters both theoretically and experimentally; 
The possible thermal processes on the BMG surface irradiated by single pulse 
with different pulse durations were studied and it was found that a reduced 
pulse duration led to a slight decrease in diameter of the melted region, which 
was attributed to reduced heating time provided by the shorter pulse. On the 
other hand, the corresponding heating and cooling rate of the short pulse is 
relatively high, which can be used for the microstructure modification of BMGs. 
In addition, the effects of laser fluence on the single crater size, and scanning 
speed on the groove size, and track distance on the material removal rate for 
the cavity machining were also analysed. In the micromachining scenario 
considered, it was found that the evolution of the material removal rate, for the 
fluence and pulse duration values identified, was dominated by the processing 
time rather than by variation in the volume of removed material. 
 
Knowledge gap: Investigations in the fabrication of surface patterns for wettability 
modification on Vitreloy 105 by nanosecond laser surface texturing. 
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◆ Nanosecond laser surface texturing was successfully used to modify the 
surface wettability of Vitreloy 105, as a function of fabricated surface patterns, 
i.e. dimples and grooves, and selected process parameters; 
◆ The effect of distance between two consecutive grooves or craters on the 
surface roughness of groove patterned or dimple patterned surface could be 
neglected. However, the scanning speed had a great influence on the surface 
roughness of the groove textured sample, while the laser fluence also affected 
the dimple textured surface roughness significantly; 
◆ An important conclusion drawn from the results is that the surface 
hydrophilicity of the as-cast Vitreloy 105 surface could be enhanced by laser-
induced groove patterns while deteriorated by the laser-induced dimple 
patterns. This enhanced hydrophilicity by the laser-induced groove patterns is 
generally in line with former reports where laser texturing was applied to other 
types of metallic materials; 
◆ Based on 3D surface measurements and XPS data, it is suggested that, the 
enhanced hydrophilicity of the groove patterns is a result of the dominant role 
played by the laser-induced large surface roughness; 
◆ In contrast, the reduced hydrophilicity observed following the laser texturing of 
dimple patterns is attributed to the more dominant role that surface chemistry 
modification plays in this case, and in particular, to the reduction of the 
hydrophilic carbonyl bonds (C=O) and carboxyl species (O=C-O). 
 
Knowledge gap: Demonstration that laser surface texturing can be exploited to 
enhance the bio-compatibility of Zr-based BMGs. 
◆ It was found that the laser-induced groove pattern could improve the viability 
of MG63 cells as well as their attachment on the irradiated Vitreloy 105 surface, 
and also guide their alignment; 
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◆ The enhanced bio-compatibility of the groove textured surface is attributed to 
the combined effects of LST-induced rough surface, improved hydrophilicity 
and also the increased presence of metallic oxides, which included TiO2, Al2O3 
and ZrO2, on the surface of laser irradiated areas; 
◆ Laser surface texturing with groove patterns was demonstrated to be a 
promising technique to improve the bio-compatibility of the Vitreloy 105 BMG; 
◆ The obtained bio-compatibility results agreed well with the assessed 
wettability of the Vitreloy 105 surfaces. 
 
Knowledge gap: Investigations in hardness, residual stress distribution, shear 
banding behaviour and microstructure evolution of Vitreloy 105 after laser surface 
melting. 
◆ Nanosecond laser surface melting in ambient atmosphere was successfully 
exploited to modify the mechanical properties and microstructure of Vitreloy 
105. It was found that laser surface melting not only can soften, as was already 
known, but also harden the surface layer of Vitreloy 105, depending on the 
applied laser parameters, especially the laser fluence; 
◆ It was found that, for a fixed value of scanning speed and irradiation cycle, 
compressive residual stress and an increased proportion of crystalline 
precipitates were introduced using the lowest laser fluence and that this also 
corresponded to conditions leading to the hardening of the sample surface; 
◆ In addition, with the introduction of compressive residual stress following LSM, 
the observation of overall reduced serrated flow but increased surface shear 
bands suggest that plastic deformation underneath the indenter became a 
highly localised activity; 
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◆ In contrast, laser surface melting with a higher fluence induced tensile residual 
stress and a reduction in the fraction of crystalline phases. This processing 
condition also resulted in the softening of the sample surface. The introduction 
of tensile residual stress post-LSM operations promoted serrated flows and 
the likely distribution of shear banding activity well throughout the volume 
beneath the indenter. 
8.2 Future work 
Based on the research investigations reported in this Thesis, several potential 
directions for future work have been identified as follows: 
1. As discussed in Chapter 4, the recoil pressure and surface tension force 
caused by the viscous nature of the molten material have not been taken 
into account in the developed thermal model although they should affect 
the shape and dimensions of laser-machined craters. In order to improve 
the accuracy of the simulations, one possible avenue of further research is 
to introduce the fluid-solid interaction to the current model.  
2. Investigations in the bio-corrosion behaviour and in the in-vivo bio-
compatibility of the laser textured Vitreloy 105 should be further explored. 
Bio-corrosion behaviour determines the service life of orthopaedic implants 
for the long-term use. In-vivo animal tests are indispensable prior to 
clinical tests. 
3. The evolution of free volume is also an important factor that can affect the 
mechanical and electrochemical properties of the BMGs. Therefore, further 
investigations on the free volume evolution of Vitreloy 105 before and after 
laser surface melting should be conducted.
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